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Abstract 
 
Permian to Miocene oil shales (Torbanite, Posidonia, Messel, Himmetoglu and Condor) from six basins in 
Australia, Germany and Turkey were studied using a variety of techniques that incorporate petrophysics, 
geochemistry and petrology. The objectives of this project were to improve understanding of compaction, 
petroleum generation and expulsion in nature as well as provide insights that may be exploited by technology for 
oil shale exploitation. The physical properties of the oil shales were compared to those of other oil shales from 
previous studies. Similar to other oil shales, grain densities ranged from 1.1g/cm³ to 2.4 g/cm³ with a strong 
correlation to organic matter content. Organic matter content is related to the oil shale grade used for economic 
assessment. The organic matter content strongly controls the behaviour of the oil shales including their 
mechanical properties. Existing data shows that mechanical properties are very unpredictable at high temperature 
especially for high-grade oil shales. The relevance of the evolution of mechanical properties at high temperature 
with repect to exploitation and basin modelling was investigated. Only strength can be discussed with some 
certainty at the moment and indicates the need for more tests to be conducted at high temperature. First 
indications were found demonstrating how temperature can enhance microfracturing during petroleum 
generation.  
 
Compaction behaviour of the six oil shales was studied under different thermo-mechanical conditions. Strength 
determined by compressive loading to failure at room temperature showed that the unconfined compressive 
strengths of the oil shales ranged from very weak to medium (5.3 to 70 MPa). Strength considered as maximum 
effective stress attained during burial and initial porosity (7.6 to 20.1%) showed that none could be used for 
burial depth estimation as suggested for organic matter-poor mudstones. Vitrinite reflectance (0.19-0.52 %) 
limited the maximum burial to between zero and 2 km for the different oil shales. Axial strain at room 
temperature (1.9-23 %) compared to that at 310 ºC (12-79 %) and 350 ºC (1.38-40%) showed that temperature 
superceedes effective stress as the principal factor controlling mudstone deformation when rocks are rich in 
organic matter. Only dehydration of smectite (94-150 ºC) showed a distinct contribution of mineralogy to 
compaction and was corroborated by X-ray diffraction. High organic matter content favours creep that is very 
important with increasing temperature. Transformation of organic matter characterised by the petroleum 
generation index was found to be a source of porosity during compaction (0.7 to 51.4 %). Volume balance (2.6-
12.5 % solid to liquid conversion) supported the increase in porosity experienced (1.5-6.4 %) by samples after 
compaction.  The limitation of the effective stress approach to predict porosity increase during compaction was 
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highlighted and experiments that incorporate thermo-mechanical conditions recommended for studying 
compaction based on axial strain rather than porosity and void ratio change. 
 
Characterization of the fluid transport potential from steady-state flow tests of two samples revealed absolute 
permeabilities from 0.72·10-21 m² to 2.63·10-21 m² which is within the range given for other mudstones (10-18 to 
10-24 m²). Measurement of porosity and specific surface area from nitrogen gas sorption before and after high 
temperature compaction experiments gave permeability values based on an empirical relation from 6.97·10-24 m² 
to 5.22·10-21 m² for pre-deformation and from 0.2·10-21 m² to 0.6·10-21 m² for post-deformation samples all within 
the permeability range for mudstones. Flow rates based on permeability from steady-state tests suggested that 
several million years were required for primary migration from thick source rocks in nature and hence fractures 
were required for rapid expulsion. Petroleum expulsion efficiencies from samples were high varying from 38.6 
to 96.2 % consistent with those from other organic matter-rich rocks. The expulsion efficiencies showed weak 
correlation to compaction, porosity and average pore diameter. The principal factor controlling expulsion was 
found to be the petroleum generation index. Calculation of pore volume saturations based on oil generated 
during experiments relative to pore volume demonstrated that pore volume saturation determined whether 
expulsion occurred through intergranular or fracture permeability. Petroleum expulsion occurred using both 
pathways during experiments with 20 % as threshold pore volume saturation above which microfracturing 
occurred with evidence from electron microscopy. Pore volume saturations also showed that not all pore volume 
is required for expulsion. Consideration of capillary displacement pressure, organic matter expansion, existence 
of transport porosity and optical evidence suggests that fracture generation constitutes the principal pathway for 
primary migration. 
 
Detailed molecular investigation of aliphatic, aromatic and polar compounds revealed aspects that complemented 
bulk data. No fractionation based on molecular weight was observed in all functional groups consistent with the 
lack of lithologic controls during primary migration. The direction of compositional fractionation between 
residual and expelled products was also observed to be in accordance with the concomitant relation between 
generation and expulsion. Unlike in other studies, no preferential expulsion of n-alkanes relative to acyclic 
isoprenoids was observed. However, cyclics were retained to a greater extent than straight and branched chain 
compounds. 
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For oil shale exploitation, several interesting aspects can be deduced from these experiments.  Primarily of 
relevance to exploitation as a whole is the limitation of maximum retorting temperature. Using slow rate heating 
to attain final retorting temperature is suggested. In situ exploitation would eliminate most environmental 
problems and remains the best option. The experiments showed that artificial fracturing by explosives to raise 
permeability is not necessary because the driving force for migration is related to the generation process itself.  
Based on the retorting process, timing of generation, expulsion and prediction of product composition can all be 
achieved. As shown for the n-alkanes, products would reflect recovery efficiency after expulsion and adequate 
location of recovery wells remains a challenge.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 vi
Zusammenfassung 
 
Im Rahmen der vorliegenden Arbeit wurden permische bis miozäne Ölschiefer (Torbanit, Posidonienschiefer, 
Ölschiefer aus Messel, Himmetoglu und Condor) aus Sedimentbecken in Australien, Deutschland und der Türkei 
mit verschiedenen experimentellen und analytischen Methoden (petrophysikalisch, geochemisch und 
petrologisch) untersucht. Das Hauptziel dieser Arbeiten bestand in der Verbesserung des Prozessverständnisses 
der Bildung und Freisetzung von Kohlenwasserstoffen aus diesen Erdölmuttergesteinen sowohl unter natürlichen 
Bedingungen als auch im Hinblick auf die energetische Nutzung von Ölschiefervorkommen. Weltweit 
übersteigen die Ölschiefer-Ressourcen bei weitem die konventionellen Erdölressourcen und werden aus diesem 
Grunde zunehmende Bedeutung für die Energieversorgung erlangen. 
 
Zunächst wurden die petrophysikalischen Eigenschaften der ausgewählten Ölschieferproben mit denen aus 
früheren Untersuchungen verglichen. Die Trockendichten der Proben lagen, wie bei anderen Ölschiefern, im 
Bereich von 1.1 bis 2.4 g/cm³ und zeigten eine deutliche Abhängigkeit vom Gehalt an organischem Material. 
Letzterer ist ein wichtiger Kennwert für die ökonomische Bewertung von Ölschiefern und beeinflusst 
maßgeblich deren Verhalten und mechanische Eigenschaften. Nach bisherigen Erkenntnissen sind die 
mechanischen Eigenschaften insbesondere von Ölschiefern mit hohen Gehalten an organischem Material bei 
hohen Temperaturen nur schlecht voraussagbar. In der vorliegenden Arbeit wurde die Entwicklung der 
mechanischen Eigenschaften bei hohen Temperaturen sowohl unter dem Aspekt der Nutzung von Ölschiefern 
und der numerischen Beckensimulation untersucht. Verlässliche Aussagen sind bisher nur bezüglich der 
Festigkeit möglich und weitere Messungen bei höheren Temperaturen sind erforderlich. Anhand der bisherigen 
Ergebnisse lässt sich zeigen, wie die Erhöhung der Temperatur und die damit verbundene Bildung von Bitumen 
zur vermehrten Bildung von Mikrorissen führt. 
 
Das Kompaktionsverhalten der sechs Ölschiefer wurde unter verschiedenen thermomechanischen Bedingungen 
analysiert. Bruchfestigkeitsmessungen bei Raumtemperatur ergaben sehr niedrige bis mittelgroße Werte (5.3 bis 
70 MPa) für die uniaxiale Druckfestigkeit der Ölschieferproben. Im Gegensatz zu Tonsteinen mit geringen 
Gehalten an organischem Material lieferten weder die aus der Druckfestigkeit abgeleiteten maximalen 
Effektivspannungen noch die Anfangsporositäten (7.6 bis 20.1%) verlässliche Anhaltspunkte für die 
Abschätzung der maximalen Versenkungstiefe der Ölschieferproben. Basierend auf den Vitrinitreflexionen (0.19 
bis 0.52 %) konnte die maximale Versenkungstiefe auf einen Wert zwischen null und 2000 m für die einzelnen 
ölschiefer eingegrenzt werden. Ein Vergleich der axialen Verformungen bei Raumtemperatur (1.9 bis 23 %), bei 
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310°C (12 bis 79 %) und bei 350°C (1.38 bis 40 %) zeigt, dass bei Gesteinen mit hohen Anteilen an organischem 
Material der Einfluss der Temperatur denjenigen der Effektivspannung deutlich übertrifft. Lediglich die 
Dehydrierung von Smectit im Temperaturbereich von 94 bis 150°C konnte als deutlicher Einflussfaktoer der 
mineralogischen Zusammensetzung auf das Kompaktionsverhalten identifiziert und durch Röntgenbeugung 
bestätigt werden. Hohe Gehalte an organischem Material verstärken das Kriechverhalten (plastische 
Deformation), welches ausgeprägt bei erhöhten Temperaturen auftritt. Die thermische Umsetzung des 
organischen Materials, ausgedrückt durch den „Petroleum Generation Index“, führte im Verlaufe der 
thermischen Deformationsexperimente zu einem deutlichen Porositätszuwachs (0.7 bis 51.4 %). 
Volumenbilanzierungen belegten eine Umwandlung von 2.6 bis 12.5 % des Feststoffes in eine flüssige Phase 
und bestätigten so den Porositätsanstieg (1.5 – 6.4 %) der Proben im Verlaufe der Kompaktionsexperimente. 
Diese Ergebnisse verdeutlichen, dass das konventionelle Modell der Beschreibung der Porositätsentwicklung 
über die Effektivspannung bei den hier betrachteten Systemen nicht mehr anwendbar ist. Auf der Basis 
experimenteller Messungen unter definierten thermomechanischen Bedingungen müssen neue Konzepte zur 
Deformation und Porositätsentwicklung von Ölschiefern entwickelt werden. 
 
Die Charakterisierung der Fluidtransport-Eigenschaften der Ölschieferproben erfolgte durch Permeabilitäts- 
messungen mit der Methode des stationären Flusses. Die hierbei ermittelten Permeabilitätskoeffizienten von 
0.72·10-21 m² bis 2.63·10-21 liegen in derselben Größenordnung wie die entsprechenden Werte anderer Tonsteine 
(10-18 bis 10-24 m²). Vor und nach den Hochtemperatur-Verformungsexperimenten wurden die Porositäten und 
spezifischen Oberflächen der Proben bestimmt. Auf der Grundlage empirischer Korrelationen wurden hieraus 
Permeabilitäten zwischen 6.97·10-24 m² und 5.22·10-21 m² für die Ursprungsproben sowie 0.2·10-21 und 0.6·10-21 
für die verformten Proben gemessen. Alle Werte liegen im Bereich der Erfahrungswerte für Tonsteine. 
Basierend auf den gemessenen Permeabilitätskoeffizienten wurden Flussraten für Migrationsprozesse unter 
geologischen Bedingungen ermittelt. Die Ergebnisse deuten an, dass für die primäre Erdölmigration durch das 
Porensystem mächtiger Muttergesteinsschichten Zeiträume von mehreren Millionen Jahren erforderlich wären 
und eine schnellere Freisetzung des Erdöls nur durch Riss- und Kluftzonen möglich ist. Die Expulsionseffizienz 
(Petroleum Expulsion Efficiency) der Ölschiefer Proben unter den experimentellen Bedingungen war mit Werten 
zwischen 38.6 und 96.2 % relativ hoch und in guter Übereinstimmung mit Literaturdaten für andere Gesteine mit 
hohen Gehalten an organischem Material. Sie zeigte eine schwache Abhängigkeit von Kompaktion, Porosität 
und mittlerem Porendurchmesser. Der Haupt-Einflussfaktor für die Freisetzung (Expulsion) des Bitumens war 
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der Erdöl-Bildungsindex (Petroleum Generation Index, PGI). Die Berechnung des Sättigungsgrades des 
Porensystems auf der Basis des gebildeten Erdöls im Verhältnis zum Porenvolumen deutete darauf hin, dass die 
Freisetzung des im Verlaufe der Experimente gebildeten Erdöls sowohl über die intergranulare Porosität als auch 
Risspermeabilität erfolgte und dass ab einer Sättigung des Porenvolumens von 20% die Bildlung von 
Mikrorissen erfolgte. Diese Aussage konnte auch durch elektronenmikroskopische Aufnahmen belegt werden. 
Diese Sättigungsberechnungen zeigten auch, dass nicht das gesamte Porensystem für die Expulsion des Erdöls 
genutzt wird. Unter Berücksichtigung des kapillaren Eindringdruckes, der Ausdehung des organischen Materials, 
der Transportporosität sowie der mikroskopischen Daten kann davon ausgegangen werden, dass die Rissbildung 
den Hauptmechanismus für die primäre Migration in den untersuchten Ölschiefern darstellt. 
 
Die thermomechanischen Deformationsexperimente wurden durch detaillierte geochemische Untersuchungen 
zur molekularen Zusammensetzung der aliphatischen, aromatischen und polaren Bitumenkomponenten ergänzt. 
Keine der untersuchten Stoffgruppen zeigte im Verlaufe der Experimente eine Fraktionierung der 
Bitumenkomponenten bezüglich der molaren Masse. Ebensowenig konnte ein Einfluss der Lithologie auf die 
chemische Zusammensetzung im Verlaufe der primären Migration festgestellt werden. Die Zusammensetzung 
des residualen Bitumens und des freigesetzten Erdöls spiegelte weitgehend den Zusammenhang zwischen 
Genese und Expulsion wider. Im Gegensatz zu anderen Studien wurde keine präferenzielle Freisetzung von n-
Alkanen in Bezug auf Isoprenoidverbindungen festgestellt. Zyklische Komponenten wurden dagegen stärker 
zurückgehalten als geradkettige und verzweigte Verbindungen. 
 
Aus den durchgeführten Experimenten lassen sich einige wichtige Aussagen für die Nutzung von 
Ölschieferressourcen ableiten. Zunächst erscheint eine Begrenzung der maximalen Verschwelungstemperatur 
von zentraler Bedeutung. Zudem sollte die Endtemperatur mit niedrigen Heizraten angefahren werden. Durch 
eine in situ Verschwelung könnte vermutlich eine Vielzahl umweltrelevanter Probleme vermieden werden. Die 
Experimente haben gezeigt, dass Permeabilitätserhöhung durch Explosivmittel nicht erforderlich ist, weil die 
treibende Kraft für die Migration und Freisetzung des Erdöls an den Bildungsprozess gebunden ist.  
Entsprechend dem Verlauf des Verschwelungsprozesses kann der zeitliche Verlauf der Erdölbildung, 
Freisetzung und Produktzusammensetzung vorausgesagt werden. Wie für die n-Alkane gezeigt, lässt sich die 
Produktzusammensetzung und die Effizienz der Gewinnung voraussagen. Dagegen stellt die optimale 
Anordnung von Produktionsbohrungen eine große Herausforderung dar.  
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1. Introduction 
1.1 Background  
 
Any shallow buried rock yielding oil in commercial amounts upon pyrolysis is considered an oil shale (Tissot 
and Welte, 1984). Though several definitions have been advanced for oil shales over time, this definition appears 
to be most informative. It highlights the fact that oil shales consists of various fine-grained rocks including 
shales, marls and limestones. It also indicates that they are rich in oil-prone kerogen that has not yet experienced 
temperatures at which petroleum generation occurs in nature (catagenesis). Oil shales based on their varied 
composition were deposited in various marine and terrestrial sub environments (Hutton, 1987). These include 
large lake basins of tectonic origin, bogs, small lakes, lagoons and shallow seas (Tissot and Welte, 1984). Their 
organic matter is dominated by algal material that may be structured (telaginite, lamalginite) or amorphous 
(bituminite) with minor amounts of other liptinite macerals, vitrinite and inertinite (Hutton, 1987; Cook and 
Sherwood, 1991; Taylor et al., 1998). Oil shale deposits range in age from Precambrian (e.g. Salt Range in 
Pakistan) to Tertiary (Green River in USA).  
 
Oil shale exploitation for oil predates the petroleum industry with exploitation reported as far back as the 17th or 
18th Century (Tissot and Welte, 1984; Bordenave, 1993). Tremendous resources of oil shales have been reported 
to exist across various continents with known resources from about 33 countries summarized by Dyni (2003). 
Similar to petroleum, only a few countries possess the major portion of this resource. Estimates suggests that the 
USA, Russia  and Brazil possess about 86 % of known oil shales resources but small deposits may be locally 
important such as in Countries like Estonia and Jordan (Brendow, 2003). It is estimated that oil shales resources 
(Fig. 1.1) consist of 10 trillion tons compared to 7 trillion tons for coal and 271 billion tons for oil (Brendow, 
2003; Dyni, 2003).  
 
Despite this huge difference in resources between oil shale and petroleum, shale oil production constitutes just 
about 10,000 barrels per day compared to daily worldwide consumption of about 84 million barrels of crude oil 
(Table 1.1). The current exploitation of oil shales is partitioned based on applications into electricity generation 
(69 %), shale oil (25 %) and cement and niche applications (6 %) shown in Fig. 1.2. The low production of shale 
oil relative to petroleum is inherent of beneficiation techniques employed elaborated upon in section 1.2.  
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Fig.1.1: Relative estimates of shale oil reserves compared to petroelum 
 
 
Table1.1 Daily production of shale oil (1999-2002) 
compared to daily oil consumption (2006) 
Country 
Brazil 
China 
Estonia 
Australia 
Total 
Daily production (bbl) 
3740 
1534 
4564 
1150 
10998 
Daily world wide consumption (106 bbl) 
 
 
 
 
84 
                         
 
69%
25%
6%
electricity and heating
cement and others
shale oil 
 
Fig.1.2: Pie chart showing fractional usage of annually produced oil shale adapted from Brendow (2003) 
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1.2 Oil shale beneficiation techniques and associated problems 
 
Estimates of oil yield from oil shale are used to grade oil shales for economic purposes with yield of 4 wt % oil 
considered to be of economic value. These estimates are commonly carried out using standardized Fischer assay. 
Fischer assay consists of heating about 100 g of crushed rock in aluminium vessels at 12 °C per minute up to 500 
°C and held isothermally for 40 minutes (Dyni, 2003). Oil shale grade from Fischer assay is, however, only a 
rough estimate because yields from other processes have been shown to exceed that from Fischer assay. In a 
similar manner, estimates of oil shale grade are derived rapidly from Rock-Eval pyrolysis using lower amounts 
of sample material. Oil shale exploitation for shale oil and related applications occurs in vessels known as retorts 
and hence referred as retorting in the industry. Retorting consist of surface or in situ processes. Surface retorting 
contrary to in situ retorting that ended in the early 1980s has continued in some countries until date (Table 1.1). 
It involves excavation of shale formations followed by crushing and drying, before being fed into retorts of 
varying capacities. Many variants of surface retorting processes exist but the principle of retorting is similar with 
temperature as the principal factor.  
 
Retorting usually consists of heating at temperatures of about 500 °C followed in some retorts by combustion up 
to 1000 °C (Smith and Chong, 1984; Patterson, 1993; Brendow, 2003). Heat transfer to the raw shale is provided 
either by ceramic balls in the retort, heated shale particles or by an external heat exchanger. The retorting may 
involve heating of crushed shale fed directly into retorts (pulverised combustion boiling) or mixing of shale with 
gases such that the mixture behaves as a fluid (fluidised bed combustion). The latter approach is suggested to 
improve yield and reduce green house gas emission (Brendow, 2003). Some variants of surface retorting 
processes include the petroxis process used by Petrobras, Tosco II process used by Gulf-Amoco, the Alberta-
Tarciuk process used by Southern Pacific Petroleum/ Central Pacific minerals (SPP/CPM) amongst others 
(Hustrulid et al., 1984, Eghlimi et al., 1999; Dyni, 2003; Schrauwers, 2004). In addition, water is used in some 
retorts as a hydrogenating agent leading to hydroretorting whereas enhanced yield is reported for partial 
extraction with supercritical water, carbondioxide and organic solvents. The use of organic solvents however, 
may be restricted to research purposes rather than industrial applications due to environmental reasons.  
 
Gases fed into the retorts in a counter current direction to the raw shale are used to sweep vapours generated out 
of the retorts and condensed to recover shale oil. The spent shale is disposed around the mine after retorting and 
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raw shale fed into the retorts again. In addition to spent shale from surface retorting, various gases including 
carbon dioxide and large amounts of fine dust are commonly reported to pollute the air in surrounding areas of 
the mine. Even more important is the fact that at the end of retorting, oil yield hardly does exceed 30 % of the 
organic matter contained in the rocks and the residual organic matter occurs as coke.  
 
In situ retorting on the contrary is applied to oil shale that occurs at depths considered not to be economic using 
surface retorting. It consists of either true in situ retorting (TIS) or modified in situ retorting (MIS). During true 
in situ retorting, access to oil shale formations is provided by drilling boreholes. This is followed by explosive 
action aimed at increasing the permeability of the shale formation. The shale formations are ignited and the oil 
generated recovered at production wells in opposite direction from the access boreholes. The US Department of 
Energy and Union oil used this (Hustrulid et al., 1984). Due to the uncontrollable firing, oil yield from this 
approach was never encouraging and was quickly abandoned.   
 
Because of failure to achieve desired results from true in situ retorting, modified in situ retorting was developed 
and used for oil shale covered by shallow overburden. It consisted of partial excavation of the top part of shale 
formations to reduce overburden stress and improve permeability by elastic rebound of underlying formations.  
Similar to true in situ retorting, oil shale formations were then accessed by shallow boreholes. The other end of 
the access boreholes contained recovery wells used for recovery of oil driven by injected gas from firing of oil 
shale formations with an advancing fire front towards the recovery wells (Hustrulid et al., 1984). This was used 
with some success by Occidental Petroleum but was abandoned because it was never competitive relative to 
crude oil. As part of the modified in situ retorting, surface retorting is used for processing the partially excavated 
oil shales. Another variant of modified in situ exploitation was envisaged through building of room and pillar 
mines similar to coal mining. However, this was rapidly understood to be based on practically no mine safety 
after laboratory determinations of mechanical properties of some oil shales at high temperature (Chong and 
Smith, 1984). This is because oil shales rapidly loose strength at high temperature during which synthetic oil is 
produced.  Most in situ retorting ceased around 1981 and this failure alongside efforts from surface retorting to 
compete with crude oil is attributed to environmental and yield problems including: 
i) surface retorting results in air pollution from dust generated during retorting 
ii) water pollution from disposal of process waters containing both organic pollutants and heavy 
metals 
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iii) spent shale disposal and remediation of excavated areas have always been problematic 
iv) green house gases such as carbon dioxide are generated from the decomposition of carbonates 
and other minerals at high temperatures used in retorting 
v) both surface and in situ retorting lead to conversion of a very small portion of their organic 
matter due to high uncontrolled heating rate as well as high final retorting  temperature. 
It is evident from the above problems plaguing the oil shale industry that in situ exploitation is more suitable 
for exploitation because it eliminates problems (i) to (iv) characteristic of surface retorting only. However, 
surface retorting remains the best avenue for exploitation of oil shales at the surface such as the Irati oil shale 
in Brazil. Recently, Shell Oil has moved to an advanced stage of testing shale oil production in the USA using 
an in situ technique known as thermally conductive in situ retorting (Bartis et al., 2005). This is promising 
because the method considers both low-rate heating to final retorting temperature and limiting final retorting 
temperature to about 400 °C.  
 
1.3 Simulation of compaction, petroleum generation and expulsion 
Commonly these dynamic processes in sedimentary basins are studied in isolation. Much work was carried out 
on the mechanical properties of oil shales in the 1970s that characterised the peak of research on oil shales 
(Chong and Smith, 1984). Unfortunately, none of these studies paid attention to compaction during analysis of 
deformation data generated. Compaction that involves the reduction in sediment volume due to burial has been 
studied for several decades. It is often accompanied by loss of porosity and this led Athy (1930) to suggest that 
the porosity at any depth of fine-grained rocks reflected their compaction history from an assumed initial 
porosity at the time of deposition. Terzhagi (1925) rather suggested that compaction was controlled by 
effective stress related to the pore to solid volume ratio (void ratio) change at any time relative to assumed 
values for both parameters at the time of deposition (Burland, 1990). Perrier and Quiblier (1974) also proposed 
using the change in sediment thickness due to stress with burial as a measure of compaction with 
decompaction factors determined for reconstruction of original thickness of sediments.  These approaches are 
applied variously in basin models assuming compaction due mainly to vertical effective stress. From these 
approaches, it is evident that temperature that is the main driving force for sedimentary basin dynamics is 
ignored. 
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Simulation of petroleum generation is conducted by programmed heating known as pyrolysis. It consists of 
anhydrous or hydrous variants that are either confined or unconfined (Espitalie et al., 1977; Price and Wenger, 
1992; Horsfield, 1997, Philp and Mansuy, 1997; Ruble et al., 2001). Sample materials used during pyrolysis 
include crushed rock (Rock-Eval); rock chips (hydrous pyrolysis) and extracted kerogen (microscale-sealed 
vessel). It is evident from the types of samples employed that compaction cannot be assessed or monitored 
during most pyrolysis studies. In addition, similar to some retorting processes, some pyrolysis techniques use 
temperature programs that reach up to 600 °C at rapid heating rates sometimes reaching 50 °C per minute. This 
high rate heating and high final temperature as highlighted above does not optimise yield from organic matter 
nor does it generate products with composition similar to that of petroleum.  
 
Petroleum expulsion from source rocks has been more complicated to simulate because experiments have 
always separated petroleum generation from expulsion. Petroleum generation experiments offer little help in 
this respect because the transport network used for expulsion is often destroyed during pyrolyis. Emphasis has 
been put more on expulsion driven by compaction or fluid pressure. Expulsion from source rocks has been 
assessed from permeation experiments similar to permeability tests conducted on mudstones (Sandvik and 
Mercer, 1990), from pyrolyis of cylindrical sample plugs (Hanebeck et al., 1993; Larfargue et al., 1994) and 
swelling experiments of kerogen in organic solvents (Ritter, 2003). Evidently, similar to compaction 
experiments, the role of temperature during expulsion has been largely neglected. Though Hanebeck et al. 
(1993) and Larfargue et al. (1994) conducted pyrolysis at high temperature; they still paid more attention 
trying to separate generation from expulsion driven by compaction or fluid pressure. Solvent swelling 
experiments are conducted on extracted kerogen and also reveal little information on expulsion relative to the 
transport network of source rocks. Their focus is more on the driving force for release of petroleum compounds 
from kerogen and the direction of fractionation.   
 
1.4 Rational and Objectives 
This project was conceived predicated on forecast that petroleum would become scarce by the end of 2025. 
Since its conception, petroleum prices have more than doubled from about 30 dollars per barrel in January 
2003 to over 70 dollars per barrel in June 2006 (Fig. 1.3). The rise in prices has been motivated by many 
factors including:  
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i) increasing difficulty to locate new giant fields that may eventually replace depleting reserves 
currently being exploited 
ii) increasing demand especially from emerging economies in India and China relative to 
production capacities of producing  countries and 
iii) geopolitical uncertainties in supply 
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Fig. 1.3: Relative change in crude oil price from January 2003 to June 2006 
There is little indication that oil prices would return if ever to pre-2003 levels anytime soon and therefore 
indicate an urgent need for alternatives. However, when the estimates of 271 billion tons of oil resources are 
considered relative to daily consumption of 84 million barrels, there is sufficient petroleum for another 60 
years. Therefore, declining reserves only seem to be subordinate to production and supply uncertainties in 
influencing current pricing. If decline is a major factor affecting prices then estimates must have been 
considerably hyped that would not be suprising. Though several alternatives to petroleum have always been 
discussed, their emergence to replace petroleum in its many areas of applications and magnitude worldwide 
would still take quite sometime. Estimates of shale oil in the USA only averaged at 800 billion barrels (Bartis 
et al., 2005) can supply the world for about 27 years at current consumption levels while total resource of 10 
trillion tons (Brendow, 2003) would last for over 2 millenia. Because oil shales are distributed though 
unevenly across continents and their organic matter constitutes the precursor of petroleum, they offer the most 
promising alternative to crude oil. The challenge is to develop exploitation techniques that would reach 
production capacities to satisfy global demand rather than the availability of the resource. 
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It is clear from various retorting techniques that crucial issues to address with respect to oil shale exploitation 
are yield and environmental. Therefore, low final retorting temperature (350 °C) similar to hydrous and 
microscale sealed vessel pyrolyis was considered useful for optimisation of organic matter conversion during 
shale oil production and used in this study.  In addition, low rate heating to final heating temperature was also 
considered by using 0.2 °C to 1°C per minute from room temperature. The low rate heating and low final 
temperatures in addition to yield optimisation were considered in order to also address environmental issues 
such as air pollution from green house gases and mine dust. As indicated above in situ exploitation is 
preferable to surface retorting. 
 
With respect to sedimentary basin dynamics, factors controlling compaction of mudstones beyond effective 
stress and change in porosity and void ratio were considered in this study. Samples used contained high 
amounts of organic matter as opposed to many compaction experiments that ignore organic matter and 
eliminate carbonate-rich samples. Also crucial to oil generation contrary to the quest for rapid recovery of 
products that favours coke formation, low rate heating was employed for generation of products similar to 
petroleum in composition. The effect of organic matter type and the relation between petroleum generation and 
compaction were considered as well. Finally, understanding primary migration that is crucial for directing 
exploration was considered from the point of view that flow of petroleum contrary to that in non-source rocks 
is indigenous and must be studied in the light of flow during generation. Therefore, generation and expulsion 
were considered as intimately related processes. Understanding the relation between generation and expulsion 
is crucial for timing of migration, which together with well-constrained geologic history provides clues to 
hydrocarbon types generated and expelled. 
 
This study therefore set out the following general objectives.  
i) to assess the response of oil shales to deformation and evaluate the relative contribution of 
various factors that control compaction of fine-grained rocks 
ii) evaluate permeability of oil shales, its evolution due to compaction and its suitability for 
petroleum expulsion 
iii) study fractionation of petroleum compounds in rocks of different mineralogy and petrophysical 
properties and the principal factor that accounts for fractionation during expulsion from source 
rocks. 
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1.5 Thesis overview 
 
This thesis focuses on compaction, petroleum generation and expulsion in oil shales using an integrated 
geochemical approach. This approach has a dual significance.  Dynamic processes in sedimentary basins are 
investigated from an experimental perspective in order to better understand these processes. Secondly, the results 
are evaluated in the light of oil shale exploitation especially in situ. Chapter two reviews evolution of mechanical 
properties of oil shales as a function of temperature while new data was interpreted in detail in chapters three to 
five with the aim of achieving the stated goals. Experimental results were interpreted in the context of current 
theory governing these processes given in classical texts alongside elaborate consultation of original peer 
reviewed papers commonly cited in these texts. 
 
In Chapter two the mechanical properties of oil shales as a function of temperature at which petroleum 
generation occurs in the laboratory were reviewed based on existing literature. The relation between organic 
matter that principally governs the behaviour of oil shales and its relation to mechanical properties was revised 
and compared to new experimental data. The significance of the data for in situ exploitation and basin modelling 
was highlighted. (Material in chapter two has been submitted for review to the Journal Oil Shale). 
 
In Chapter three new experimental data was analysed to assess compaction under three different thermo-
mechanical conditions. These included room temperature-continuous stress, high temperature-constant stress and 
high temperature-low dynamic stress. The relevance of these experiments to compaction was assessed based on 
relative strain data and extrapolated to nature as a function of the change in the reflectance of the organic matter 
maceral vitrinite. The relationship between porosity, void ratio and effective stress during compaction was 
investigated. How petroleum generation affects porosity during compaction was evaluated together with the 
relative contribution of factors that control compaction of fine-grained rocks. The relevance of the experimental 
data to exploitation of oil shale was summarised at the end. (Material in this chapter is in press for the Journal 
Marine and Petroleum Geology). 
 
Chapter four contains data on the transport properties of oil shales from some laboratatory permeability 
measurements. Permeability was also determined using an empirical relation (Kozeny-Carman) that relates it to 
measured petrophysical properties (porosity and specific surface area). Numerical evaluation of petroleum 
generation and expulsion was conducted using a mass balance scheme based on organic carbon contents of 
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original and samples subjected to high temperature tests. The effect of organic matter type on petroleum 
generation was demonstrated together with the principal factor controlling petroleum expulsion. The suitability 
of intergranular permeability for petroleum expulsion was examined and migration pathways presented. The role 
of pore volume saturation during petroleum expulsion was shown and differentiated from the factors controlling 
expulsion (Material in this chapter was submitted for review to the American Association of Petroleum 
Geologists Bulletin). 
 
After examining bulk petroleum generation and expulsion in previous chapters, chapter five contains detail 
molecular investigation of initial, residual bitumen and expelled oil. Principal compound classes in petroleum 
including aliphatics, aromatics and polars were all part of this investigation. In addition sub-classes within the 
same class such as n-alkanes, acyclic isoprenoids and terpanes all part of aliphatic hydrocarbons were studied. 
The molecular data corroborated findings from bulk data that temperature was the principal parameter that 
controls petroleum generation. Also consistent with bulk data was the fact that lithologic controls were 
subordinate to kerogen as the cause of fractionation of petroleum during expulsion from source rocks. This 
provided incontrovertible evidence that petroleum expulsion is principally controlled by petroleum generation 
derived from bulk data. Clearly, both compaction and fluid pressure were subordinate to concentration or 
chemical potential due to petroleum generation as the driving force for petroleum expulsion. (Material in this 
chapter was submitted for review to the Journal Organic Geochemistry). 
 
Finally, chapter six summarises major points that are noteworthy for understanding the dynamic processes of 
compaction, petroleum generation and expulsion in sedimentary basins. The principal control for oil shale 
exploitation is once more highlighted in this chapter. Aspects that would receive further attention based on the 
current data are indicated. At the end, the shortcomings of the experimental device and recommendations for 
future experimental work are stated. 
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2. Review of the mechanical properties of oil shales: implications for exploitation and basin modelling 
 
2.1 Abstract 
 
The mechanical properties of oil shales as a function of temperature and pressure are reviewed. Implications for 
the evolution of these properties for in situ exploitation and basin modelling are explored. Mechanical properties 
at room temperature are well known with grade (organic matter content) as the principal controlling parameter. 
Existing data suggest a positive correlation between grade and Poisson’s ratio whereas tensile and compressive 
strength as well as modulus of elasticity show negative correlations. These properties are strongly affected by 
increasing temperature with general loss of strength and decrease in Young’s modulus. Strength follows a 
logarithmic decrease with increasing temperature, dependent on grade. Creep is much enhanced by elevated 
temperature. Extrapolation of laboratory data to nature suggests that tensile fracturing may occur more easily 
during petroleum generation and creep is more prominent in oil shales than in other rocks at this depth in the 
crust. More data from experiments conducted at high temperature are required to validate these conclusions.  
 
2.2 Introduction  
 
The aim of this paper is to present a concise, up-to-date review of existing literature on the mechanical properties 
of oil shales as a function of temperature and pressure. Such a review has not been presented for over twenty 
years. Based on an extensive survey, published literature data are summarized and integrated. The implications 
of this evolution to in situ exploitation are discussed in an attempt to extrapolate these observations to source 
rock burial and assess their potential use in basin modelling. 
 
Oil shales are usually rich in the liptinite maceral that yields commercial amounts of oil upon heating (retorting). 
Retorting comprises surface and in situ processes with many variants including the Petrosix, Alberta-Tarciuk and 
Lurgi processes. Oil shale exploitation dates back to the 17th Century (Tissot and Welte, 1984) but yield and 
environmental problems have never allowed exploitation to compete with natural oil. As petroleum reserves 
decline, oil shales are becoming increasingly attractive as an alternative source of hydrocarbon fuel for three 
reasons. Firstly, vast resources, in excess of petroleum reserves, exist and most of them are already known. 
Secondly, most oil shales are buried at shallow depth (< 2 km). Their exploitation therefore would require less 
sophisticated machinery and capital investment. Finally, unlike natural generation, expulsion and trapping where 
much petroleum is lost, careful exploitation may result in higher relative yield. An inventory of known oil shale 
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deposits is summarised in Dyni (2003) while Brendow (2003) discusses current shale oil production and niche 
applications of oil shale. 
 
The main thrust of published research on the mechanical properties of oil shale was done between 1970 and 
1980 (Chong and Smith 1984). For the oil shales of the western US, the data available form a solid basis for the 
design of underground room and pillar mines. Mechanical properties at room temperature are well known, and 
correlation equations predict these properties from field observables (Chong et al., 1980; Chang and Bondurant, 
1979; Closmann and Bradley, 1979). The basis for the operation of underground retorts was established by 
measurements of mechanical properties at high temperature (Miller et al., 1978; Thigpen and Heard, 1979; 
Agapito and Hardy, 1982; Zeuch, 1983). Compared to room temperature data, high temperature data are far less 
abundant. This may be accounted for by i) the very complex material behaviour of oil shales at high temperature, 
ii) the much smaller number of tests conducted, and iii) the limitations of the available technology to conduct 
these experiments. Here, more data are definitely needed for reliable predictions of mechanical properties during 
retorting. In addition, extrapolation of the existing data to other oil shales worldwide is possible only in 
qualitative terms. After 1980, research on oil shale has focussed mainly on surface retorting in countries like 
Estonia, Japan and Israel (Anonymus 1996; Fainberg and Hetsroni 1996) with very little emphasis on 
mechanical properties.  
 
2.3 Composition, structure and occurrence 
 
Oil shales consist of minerals of variable composition mixed with organic matter commonly occurring finely 
dispersed in the matrix or in thin laminae. To allow an appreciation of their complex behaviour especially at high 
temperature, it is useful to consider an oil shale as a three-phase material. These phases (minerals, kerogen and 
pore fill) are sketched in Fig.2.1. Bulk mechanical properties strongly depend on the volume fractions of these 
phases. Most studies on the mechanical properties of oil shales are accompanied by an indication of organic 
matter content. Commonly, the parameter reported is the oil yield given in gallons per ton (GPT, 1G = 4.2L) 
determined by the standardized Fischer assay technique (heating 100g of crushed rock to 500°C). 
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 Fig. 2.1: Sketch illustrating the principal volumetric components of oil shales 
 
Oil shales are dominated by very-fined grained (< 2µm) particles with varying amounts of silt (2-60µm) and fine 
sand (> 60µm) as shown in Figure 2.2 for the Posidonia shale from N.Germany. Porosity ranges from close to 
zero to over 30% with pore sizes dominated by 2-50 nm (Eseme et al., in press). Low porosity is usually 
associated with high organic matter content but mineral composition and diagenetic processes also have an 
effect. Intergranular permeability of oil shales is mostly very low, due to very small pore sizes. Figure 2.1 shows 
that in the subsurface the overburden load is carried partly by the kerogen and partly by minerals. Although 
Fig.2.1 illustrates the main elements, microstructure is highly variable in oil shales occurring worldwide. 
     
minerals 
kerogen 
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Fig. 2.2: Electron micrograph of the Posidonia Shale from N.Germany showing lamination of organic matter and 
minerals 
 
In addition to micro-lamination of organic matter and minerals (Fig. 2.2), macro-lamination is also common as 
seen from wireline logs and cores (Fertl, 1976). These layers may be laterally extensive with variation in 
properties due to compositional differences. For example, the Green River shale in Colorado can be subdivided 
into four zones including: 
i)  the clay zone in which the matrix is predominantly clay with very little carbonate 
ii)  the saline zone that contains significant concretions of nahcolite (NaHCO3) that decomposes  
               upon heating, 
iv) the leached zone where nahcolite has been diagenetically removed and is suggested to increase  
               intergranular permeability and, 
iv)  the dolomite-rich Mahogany zone that contains the most prolific oil shales (Agapito and Hardy,  
              1982). 
 
In situ, some oil shales are reported to contain systematic, usually vertical fracture sets that may be regionally 
continuous. The vertical fractures point to tectonically relaxed areas (Olsen, 1980) where the maximum principal 
stress is vertical (Smith and Chong, 1984). In this setting, hydraulic fractures are expected to be vertical too. 
However, for oil shales close to the surface where vertical and horizontal stresses are of similar magnitude, the 
anisotropy of tensile strength due to lamination of oil shales can be utilized to create horizontal hydro-fractures 
of significant lateral extent (Thomas, 1972; Jensen, 1979). Horizontal fractures are also commonly observed in 
clay-rich oil shales that have experienced high overpressures (Littke et al., 1988). 
 
2.4 Relation of organic matter content to mechanical properties 
 
Figure 2.3 shows the relation between the grain density and organic matter volume fraction for six oil shales 
(Torbanite, Posidonia, Messel, Himmetoglu and Condor) studied by Eseme et al. (in press). The relationship is 
described by a linear equation similar to that given by Smith (1976):  
Oc = 164.8 – 60.6 ρm                                                                                                                    (2.1) 
where Oc is the volume fraction of organic matter and ρm is the grain density. 
For low porosity shales of the U.S, this volume fraction of organic matter (Oc, %) was related to oil yield (M, 
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GPT) by Smith (1976) : 
Oc = (164.9 M)/ (M + 111.8)                                                                                               (2.2) 
Though this relation is expected to have a similar form for other oil shales and may be used to predict variation 
of their mechanical properties relative to organic matter content, it is only valid for the oil shales investigated. 
This is because it depends on additional parameters including density and fraction of inorganic minerals (mostly 
between 2 and 3 but up to 5.0 g/cm³ for pyrite). It also depends on the density of kerogen (between 1.0 and 1.3 
g/cm³) as well as density of the oil generated (0.7-0.9 g/cm³). Furthermore, it is affected by porosity (from very 
low to over 30%) and conversion efficiency of the kerogen depending on the retorting process.  Oil shales 
contain types I and II kerogens which upon complete conversion may loose 70 wt % for type I and 50 wt % for 
type II kerogens (Bordenave et al. 1993).  
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 Fig. 2.3: Plot of grain density versus organic matter volume for six oil shales from Eseme et al. (in press) 
 
Therefore, while knowledge of the organic matter content is important, the volume fraction that may be lost due 
to complete conversion and expulsion is another important factor. Figure 2.4 shows the grain density versus oil 
yield plot for some oil shales from the Western US studied by Agapito and Hardy (1982). The samples studied 
by Eseme et al. (in press) with grade calculated based on equation 2.2 are shown for comparison in broken lines.  
Variation similar to that shown in Fig.2.3 is discerned indicating that though a single equation is invalid for oil 
shales worldwide, both bulk and grain density decrease with increasing grade and organic matter volume. 
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Fig. 2.4: Variation of grain density with grade in litres per ton (L/T) for oil shales from a range of localities in 
the Western US adapted from Agapito and Hardy (1982) compared to oil shales from six locations studied by 
Eseme et al. (in press). 
 
At room temperature, most oil shales are hard and brittle with mechanical properties that are pressure-dependent 
and only weakly rate-dependent. Mohr-Coulomb- type constitutive equations are used commonly to evaluate 
mechanical properties at room temperature. The response to stress is correlated to grade, with ductile behaviour 
becoming more apparent as grade increases (Chong and Smith, 1984). More advanced mechanical models that 
partly incorporate anisotropy of mechanical properties were also proposed for oil shales (Costin, 1981, Chen, 
1984). However, loading rate is suggested to have some effect on compressive strength (Chong et al. 1980, 
1981) with samples tested at a low-rate supporting lesser stress before failure. Tensile strength also correlates 
with grade and decreases with increasing organic content (Zeuch, 1983). Though there is a general paucity of 
data related to fracture toughness of oil shales other than the investigation by Schmidt (1977), Young et al. 
(1984) suggest that fracture properties may show positive or negative correlations to grade depending on 
mineralogy of the rock. A number of workers also tested samples loaded in different directions and established 
that oil shales are transversely isotropic. Tensile strength is lowest perpendicular to bedding due to lamination 
(Chong and Smith, 1984). 
 
Table 2.1 shows a summary of typical values for mechanical properties of two oil shales of different grade at 
room temperature, based on published measurements. All properties are strongly correlated to grade except for 
cohesion (C) and and tensile strength (UT) which have similar values for both samples (Closmann and Bradley, 
 17
1979; Chong and Smith, 1984). Unconfined compressive strength (UCS) decreases with decreasing loading rate 
while Young’s modulus (E) increases non-linearly with increasing confining pressure. The UCS and E decrease 
with increasing grade whereas, according to data by Agapito and Hardy (1982), while Poisson’s ratio (ν) shows  
 
Table 2.1 Mechanical properties of two grades of oil shales from the Western US at room temperature 
Property Unit Lean shale (low- 
grade) 
Rich shale (high- 
grade) 
organic carbon 
content 
vol % 20 50 
oil yield L/T 63 210 
grain density g/cm³ 2.4 1.8 
porosity % 0 0 
Young’s modulus 
 
 
GPa 16 ± 2 (A&H; Co) 4.5 ± 0.5 (A&H; Co) 
Unconfined 
compressive strength 
MPa 125 ± 25 (A&H; 
C&S; CUSM; T&H) 
50 ± 30 (A&H; C&S; 
CUSM) 
Poisson’s ratio  0.2 (A&H) 0.35 (A&H) 
Friction angle ° 40.5 ± 0.5 (A&H; 
C&S) 
20 (A&H) 
Cohesion MPa 28 ± 7 (A&H; C&B) 28 ± 7 (A&H; C&B) 
Tensile strength MPa 13 ± 1 (C&B; C&S) 9.5 ± 1.5 (C&B; C&S) 
* 
A&H     - Agapito and Hardy (1982),  C&B - Closmann and Bradley (1979), Co - Costin (1981), C&S - Chong 
and Smith (1984), CUSM   - Chong et al. (1980), T&H -Thigpen and Heard (1979) 
 
an increase with grade at room temperature (Figs. 2.5, 2.6 and 2.7). Similar to the grain density data from Eseme 
et al. (in press) shown in Fig.2.4, UCS, E and ν also show variations that are not related to variations in grade but 
reflect differences in composition and geologic history. Variations in the data from sub-samples of the same oil 
shale that are not related to grade are presumably due to variation in the properties (heterogeneity) of the organic 
matter. 
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Fig. 2.5: Dependence of unconfined compressive strength on grade of US oil shales (from Agapito and Hardy, 
1982) 
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Fig. 2.6: Variation in modulus of elasticity with grade for oil shales from the Western US based on data from 
Agapito and Hardy, (1982). 
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Fig. 2.7: Relation of Poisson’s ratio to grade of oil shales from various locations in the Western US based on data 
from Agapito and Hardy (1982)  
 
2.5 Evolution of mechanical properties with increasing temperature 
 
In in situ oil shales, most of the pores are either moisture- or air-filled. Upon heating, various forms of water 
(free and bound water) and light hydrocarbons vaporize and, at higher temperatures, the kerogen deforms 
plastically and ultimately decomposes. After the initial expulsion of pore water and, possibly, some structured 
water from minerals such as smectite, and thermal decomposition of minerals such as nahcolite, kerogen yields 
more to deformation than most minerals. Bitumen from transformed kerogen may flow into pores depending on 
the kerogen distribution in the matrix and its proximity to pores. This results in a volume loss of part of the load-
bearing phase leaving only residual carbon after expulsion. The volumetric strain depends on initial porosity, 
organic matter content and type as well as mineralogy. The partial loss of the load-bearing phase is accompanied 
by decrease in tensile strength and elasticity modulus as well as compressive strength.  
 
The mechanical properties of oil shales therefore depend on both intrinsic and extrinsic factors. At the onset of 
heating, mechanical properties are affected by the thermal expansion of minerals, the softening of kerogen and 
the development of pore pressure. At high temperature, the plastic flow of kerogen, and its decomposition 
influence these properties. This is because kerogen decomposition generates porosity (and permeability) together 
with a pore fluid. The difference between these generation rates, in combination with the system’s permeability 
evolution determines the pressure of the pore fluid. Additional complications can arise from the presence of 
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compounds such as nahcolite and lawsonite that decompose at temperatures below 450°C leading to alterations 
of total porosity and pore pressure in a complex manner. Until now, almost all work to determine mechanical 
properties was empirical. These works attempted to fit a numerical model to data, and estimate the magnitude of 
the various terms using multiple linear regression analysis. While this technique identifies significant variables, 
the data are not readily amenable to a more refined mechanistic interpretation, and extrapolation to conditions 
outside the measured range is difficult.  
 
Despite this complexity, a few general trends are evident. Strength, elastic moduli and acoustic velocities of oil 
shales decrease with increasing grade and temperature. Strength and acoustic velocities increase with increasing 
confining pressure. With increasing temperature, kerogen becomes much softer than the matrix minerals. Under 
sufficient effective stress, this will lead to a strong tendency of the kerogen to transform and flow into closely 
associated pores. In an anisotropic stress field, this leads to deformation with a large volumetric component of 
the strain tensor. At even higher temperatures, kerogen decomposes to yield hydrocarbons and a residue. In high-
grade oil shales this means a significant volume loss of part of the load-bearing phase with simultaneous 
generation of a pore fluid. Residual kerogen (coke) that may finally evolve to graphite with further increasing 
temperatures is sometimes reported to cause recementation of the minerals grains. 
 
Table 2.2 shows a summary of recommended values for mechanical properties of oil shales at elevated 
temperatures. With increasing temperature, these properties become increasingly difficult to describe using 
parameters like E, UCS, C and ν. All strength parameters decrease with increasing temperature. The effect of 
temperature on indirect (Brazilian) tensile strength for various oil shale grades from 23 -232 °C (Closmann and 
Bradley, 1979) is shown in Fig.2.8. It reveals a linear decrease of tensile strength with grade at the same 
temperature. For the same grade, the tensile strength decreases logarithmically with temperature. This holds also 
for the elasticity modulus as shown in Fig. 2.9 for oil shales of three different grades. Temperature increase 
beyond 150°C leads to a thermally-activated softening of the kerogen and creep (Chu and Chang, 1980) that is 
positively correlated to grade and may be described by an Arrhenius-type equation (Means, 1990). The viscous 
component of deformation increases and the mechanical properties become dependent on the rate of loading. 
Creep is affected by several factors including, time, temperature, effective stress, porosity and organic matter 
content. In porous oil shales, a temperature-activated compaction occurs with porosity loss depending on matrix 
strength and corresponding decrease of permeability.  
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Fig. 2.8: Tensile strength vs grade showing the effect of increasing temperature between 23 and 232°C from 
Closmann and Bradley (1979) 
 
The second column of Table 2.2 summarizes the mechanical properties of oil shales measured at 300°C. UCS 
and UT of the corresponding grades are lower by a factor of two than at 150°C. Friction angle remains the same 
as at 150°C while ν and C do not show much dependence on grade. At temperatures higher than 300°C, which is 
sufficient for partial decomposition of some kerogens, further softening of kerogen occurs accompanied by 
decrease of E (Fig.2.9) even in initially non-porous oil shales. At these temperatures, the definition of the elastic 
properties becomes problematic due to rapid primary creep and dependence of Young's modulus on loading rate. 
Generation of petroleum in an undrained configuration raises pore pressure and causes embrittlement of the oil 
shale with subsequent pressure release after expulsion. In addition, a volume strain at times proportional to the 
weight loss due to expulsion of water, inorganic and organic gases and oil may occur. Here, mechanical 
properties depend strongly on pore pressure and therefore on drainage conditions. If pore pressure increases 
faster than it can be drained, initiation of fractures becomes possible similar to conditions in nature (e.g. Littke et 
al., 1988). If significant permeability remains after initial heating, hydrocarbons may flow through the 
intergranular permeability and the system will be drained.  
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Fig. 2.9: Variation of elasticity modulus with temperature for three grades of oil shales from Closmann and 
Bradley (1979) 
 
Table 2 Mechanical properties of two grades of oil shales from the Western US at high temperatures 
* 
A&H - Agapito and Hardy (1982), C&B - Closmann and Bradley (1979), T&H - Thigpen and Heard (1979),  
Z - Zeuch (1983) 
    Property Temperature 
 150°C 300°C 450°C 
organic 
carbon 
content 
 
20 
 
50 
 
20 
 
50 
 
20 
 
50 
Oil yield 63 210 63 210 63 210 
Young’s 
modulus 
6.5 ± 0.5 
(C&B; Z) 
5 
(C&B) 
1 
(Z) 
0.5 
(Z) 
< 1 < 1 
Unconfined 
compressive 
strength 
45 ± 5 
(C&B; Z) 
35 
(C&B) 
20 
(Z, T&H) 
15 
(Z) 
18 
(T&H) 
- 
Poisson’s 
ratio 
  0.3 
(A&H) 
0.3 
(A&H) 
 0.4? 
Friction 
angle 
30 
(Z, T&H) 
25 
(Z) 
30 
(Z) 
25 30 
(T&H) 
10? 
Cohesion 10 
(Z) 
7 
(Z) 
7 5 5? - 
Tensile 
strength 
4 
(C&B) 
2 
(C&B) 
2 
(C&B) 
1 
(C&B) 
- - 
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The last two columns of Table 2.2 summarize the mechanical properties of the two oil shales from the Western 
US at 450°C. Compared to room temperature, the data are much less well constrained. At this high temperature, 
the impact of confining pressure on compressive strength becomes erratic (Fig.2.10). When organic matter is 
heated to temperatures above 450 ºC, about 90 % of the organic volume leaves the rock as oil vapour, non-
condensable gas and water. The residual carbon is coked on the mineral matrix. Lean oil shales (<125 L/T) due 
to the high volume of minerals can maintain their structure and leave a relatively strong residue after retorting. In 
contrast, rich oil shales (>167 L/T) lose much of their strength when the organic matter is decomposed. During  
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Fig. 2.10: Plot showing the effect of temperature on compressive strength in the presence of confining pressure 
from Thigpen and Heard (1979) 
 
heating to temperatures higher than 450 ºC, (up to 1200 ºC in some experimental retorts) various reactions in the 
mineral matrix occur, such as decomposition of carbonates into carbon dioxide, synthesis of pyroxenes, 
formation of sulphur dioxide from pyrite etc (Smith et al., 1978, Patterson, 1993). 
 
2.6 Implications for in situ exploitation 
 
For the design of in situ exploitation procedures, room temperature laboratory data can be used directly because 
the properties are not dependent on loading rate and in situ vertical stress can be calculated based on the depth 
and density of the oil shale. For the high temperature parts of the system, the laboratory data have to be 
extrapolated to the domain of in situ exploitation. Such extrapolation and the effect of temperature on tensile and 
compressive strengths are shown in Figs. 2.11 and 2.12, respectively.  This extrapolation is expected to modify 
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the property prediction in two important ways: firstly, creep strength will decrease according to the viscous 
component of deformation, and secondly, the evolution of pore pressure may be very different from that at 
laboratory rates, depending on initial permeability, rates of compaction and rates of pore fluid evolution. This 
will determine whether hydraulic fractures form and in which orientation. 
 
2.7 Implications for basin modelling 
 
In sedimentary basins, organic matter-rich rocks form the source of oil and gas. With increasing temperature, 
generation of petroleum takes place between 80-180 °C (Tissot and Welte, 1984). These temperatures are lower  
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Fig. 2.11: Variation of tensile strength of 63 and 210 L/T grade oil shales from Tables 1 and 2 as a function of 
temperature showing logarithmic decrease relevant for prediction during in situ exploitation and assessment for 
basin modelling 
 
 25
UCS = -33.4LnT + 216.7
UCS = -21.6LnT + 140.4
0
20
40
60
80
100
120
25 125 225 325 425 525
T (°C)
U
C
S 
(M
Pa
)
 
 Fig. 2.12: Variation of unconfined compressive strength of 63 and 210 L/T grade oil shales from Tables 1 and 2 
as a function of temperature showing logarithmic decrease relevant for prediction during in situ exploitation and 
assessment for basin modelling 
 
than those used for retorting of oil shales, and rates of generation are correspondingly much lower, but occur 
over millions of years instead of days. Current models of sedimentary basins incorporate the kinetics of 
generation and expulsion of oil and gas, but without a detailed description of either the micromechanics of the 
process or the bulk mechanical properties of the source rocks during generation.  
 
The mechanical properties reviewed in this paper give a first indication of these properties during generation 
from source rocks in nature (Figs. 2.11 and 2.12). Complications may arise; however, because, (i) the rates of 
heating in nature are much lower and (ii) many source rocks contain significantly lower amounts of kerogen. 
Therefore, a simple extension of laboratory data to field conditions is problematic. Kerogen decomposition 
generates pore fluid and porosity and may be accompanied by increase in permeability and the generation of 
high overpressures. The difference between the rate of fluid and porosity generation together with the initial 
permeability and its evolution during generation determine the pore pressure of the system. In some cases, 
hydrofractures may form and provide rapid pathways for primary migration of oil.  Unfortunately, the data 
reviewed in this paper provide little hard evidence of the rates of these processes in nature. The viscous 
component of creep in the kerogen at around 120 ºC at laboratory rates implies that at natural rates of 
deformation kerogen is much softer than in the laboratory at the same temperature. On the other hand, in most 
source rocks the kerogen content is lower than in oil shales, so that this aspect becomes less important.  
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2.8 Conclusions 
 
A review of the mechanical properties of oil shales was carried out to evaluate the effect of temperature and 
pressure on these properties. The relevance of these data to in situ exploitation and basin modelling was 
explored. Room temperature data are quite extensive: deformation is dependent on stress but only weakly 
dependent on loading rate. The organic content is frequently expressed as oil yield and it is positively correlated 
to Poisson’s ratio and negatively correlated to tensile and compressive strength, and modulus of elasticity. 
Although the trends are quite clear, the majority of data comes from the oil shales from the western USA, and 
properties of oil shales from other sources will have to be measured if accurate properties are required. 
 
Temperature drastically affects both compressive and tensile strength due to plastic deformation of kerogen 
accompanied by generation and expulsion of petroleum. In addition, temperature-activated creep of the kerogen 
phase and development of pore pressure due to generation of pore fluid and compaction are important processes. 
Future attempts to extrapolate the strength data to in situ exploitation and oil generation in nature would benefit 
from more experiments at lower deformation rates and temperatures at which generation and expulsion of 
petroleum occur. Because petroleum generation and expulsion occur at high temperatures, more data would 
enable evaluation of the relative contribution of kerogen to deformation as well as coupling of this deformation 
to petroleum expulsion. 
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3. Factors controlling the thermo-mechanical deformation of oil shales: implications for compaction of 
mudstones and exploitation   
3.1 Abstract 
 
Six Permian to Miocene organic matter-rich mudstones were subjected to unconfined compression tests under 
three thermo-mechanical regimes. The aims of this study were to assess the role of factors that control mudstone 
compaction and highlight implications for compaction and exploitation. Axial strain ranged from 1.9 to 23 % at 
25 °C (5.3 – 70 MPa), 12 to 79% at 25 - 310 °C (31 – 42 MPa) and 1.38 to 40 % at 25 - 350 °C (0 - 8 MPa).The 
axial strain data showed that the principal factor controlling organic matter-rich mudstone compaction is 
temperature with a secondary role for effective stress. During high temperature tests, dehydration of smectite in 
the 94 to 150 °C interval resulted in a distinct axial strain effect. Decomposition of organic matter and other 
minerals caused visible strain only above 280 °C. Tests up to 350 °C resulted in mass loss of 4.54 – 43.8 wt % 
with 1.1 to 8 wt % due to organic matter. A strong positive correlation was found between the petroleum 
generation indices (4.6 – 55.8 %) and expulsion efficiencies (38.6 – 96.2 %) while compaction (0.68 – 51.4 %) 
correlated with axial strain (1.38 – 40 %). Solid volume loss (2.55 - 12.15 %) due to petroleum generation from 
kerogen resulted in an increase in porosity (1.56 – 6.36 %). Low rate heating and low retorting temperature are 
necessary to optimise yield from oil shale exploitation. 
 
Keywords:  mudstones, porosity, compaction, oil shale exploitation.  
 
3.2. Introduction 
 
Mudstones constitute a major portion of the sediment inventory of many basins (Bolton et al., 2000; Dewhurst 
and Hennig, 2003). Their significance ranges from hydrocarbon source rocks to seals (Mann et al., 1997) 
including seals for anthropogenic waste sequestration (Hildenbrand et al., 2002). Oil shales represent the group 
of organic matter-rich mudstones (Selley, 1988). They form thick strata, cover wide areas, or are exposed over 
long distances in many sedimentary basins (Padalu, 1969; Roverre et al., 1983; Littke et al., 1997; Taylor et al., 
1998). The compaction of mudstones during burial and subsidence has major implications on fluid generation 
and transport in sedimentary systems. It has therefore been of wide interest in studies on the evolution and 
understanding of dynamic processes in sedimentary basins (Terzaghi, 1925; Athy, 1930; Weller, 1959; Perrier 
and Quiblier, 1974; Bayer and Wetzel, 1989; Broichhausen et al., 2005). Compaction proceeds with increasing 
stress and temperature in nature. Though the time factor involved in nature is not available at the laboratory 
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scale, studying compaction in the presence of stress and temperature may provide better understanding of 
mudstone compaction. This improved understanding may have an additional practical significance for in situ 
exploitation of oil shales.  
 
Compaction involves the largely irreversible process of sediment volume reduction with burial described 
primarily as a function of porosity reduction (Poelchau et al., 1997). This may be expressed simply as: 
Λ = dV/V                                                                                                                                                  (3.1)  
where dV is the change in volume and V is the bulk volume. The term Λ is known as dilation occurring because 
of a pressure change dP for isotropic materials (Means, 1979). 
The ratio of the dilation to this pressure change is known as the compressibility 
Cc = Λ/dP                                                                                                                                                             (3.2) 
Athy (1930) proposed an exponential relation between porosity and depth of mudstones in sedimentary basins 
given by: 
Φ = Φoe-ß                                                                                                                                                                                                                                                 (3.3)  
where ß is a lithology-dependent empirical constant, z is depth, and Φ and Φo are the present and initial porosity, 
respectively. This relationship was suggested to be relevant for assessment of compaction assuming an initial 
porosity as high as 80% in mudstones. This approach was considered to be flawed because in addition to early 
cementation that may rapidly reduce porosity in mudstones, the properties of sediments vary with time as they 
experience various cycles of uplift and burial.  
 
Terzaghi (1925) proposed to relate mudstone compaction to effective stress given by the relation:  
σ´v = σv-p                                                                                                                                                             (3.4)    
where σ´v is the vertical effective stress, σv is the overburden pressure and p is the pore fluid pressure.                                               
This approach has been widely propagated to reproduce compaction of mudstones based on elaborate 
consolidation tests on several clays by Burland (1990). A logarithmic relation between effective stress and 
porosity expressed as void ratio was developed from the experimental data. This is given as:  
e = eo – Cc log σ´v/σ´vo                                                                                                                                         (3.5)  
where, σ´v is the effective stress experienced by the sample, Cc is the compressibility, σ´vo is the initial effective 
stress and e and eo are the final and initial void ratios. The void ratio (e) is related to the porosity (Φ) by:                                           
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e = Φ/ (1- Φ)                                                                                                                                              (3.6)
            
where e = Vp/Vs (volume of pores/volume of solids) all fractions of V given in equation 1. 
 
The effective stress approach, however, has several limitations: - 1) Compaction is attributed only to void ratio 
change from uniaxial strain. 2) It does not consider the effect of cementation and textural variation. 3) The 
effective stresses used for consolidation tests are usually limited to very shallow depths in nature. 4) Carbonate 
and organic matter-rich rocks were eliminated from samples studied by Burland (1990). Therefore, application of 
this concept in sedimentary basin evolution where petroleum generation occurs remains quite arbitrary. Despite 
these limitations, basin models that account for compaction often assume that it is uniaxial and varying as a 
function of porosity with depth (Nygård et al., 2004). Compaction may also be affected by multiple stresses due 
to tectonic forces in which case the principal stress acting on sediments may not be vertical (Aplin and Vasseur, 
1998; Luo et al. 1998). However, we consider the simple case of compaction during which the maximum 
principal effective stress is vertical.   
 
In view of the limitations cited above, there seems to be a consensus that compaction is essentially mechanical at 
shallow depth (< 2 km) for basins with low geothermal gradients (25-35°C/km) while chemical compaction 
dominates below this depth (Bjørlykke and Høeg, 1997, Nygård et al., 2004; Broichhausen et al., 2005). The 
boundary between transition from mechanical and to chemical compaction depends on several parameters such 
as the mineralogy and petrophysical properties of the sediment, the depth of burial, as well as the degree of 
dissolution and precipitation that its minerals experience with changes in temperature. For horizontal layers, 
overburden load controls mechanical compaction. It usually leads to loss of porosity and may cause mineral 
grain re-arrangement in the rock matrix (Djeran-Maigre et al., 1998; Bolton and Maltmann., 2000; Dewhurst et 
al., 2002). Chemical compaction on the other hand is controlled by pore fluid chemistry and thermal evolution 
with depth and to a lesser extent by effective stress (Bjørlykke and Høeg, 1997; Nygård et al., 2004; 
Broichhausen et al., 2005). It is commonly attributed to temperature-driven processes such as quartz dissolution 
as well as transformation of smectite and kaolinite to illite that occur between 80 and 140°C in nature (Bjørlykke 
and Høeg, 1997). Petroleum generation also occurs between 80 and 180 °C (Tissot and Welte, 1984; Bordenave 
et al., 1993; Hunt, 1996) and may act as a major mechanism of chemical compaction in mudstones that has so far 
received little attention.   
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Bredehoeft et al. (1994) mentioned petroleum generation as a source of porosity creation based on theoretical 
considerations of solid kerogen transformation to petroleum fluids. Unfortunately, porosity evolution due to 
petroleum generation was neither assessed nor was it discussed in relation to compaction. Several studies have 
rather advanced organic matter transformation as a source of overpressure (pore pressure higher than 
hydrostatic) in sedimentary basins (Hunt, 1991; Luo and Vasseur, 1996; Hansom and Lee, 2005). These 
indirectly deal with mudstone porosity based on the relation between pore pressure and effective stress whereby 
overpressure is thought to result in higher porosity and retards compaction (Harold et al., 1999). Wangen (2000) 
showed that overpressure also results from cementation of pore space. This is consistent with Teige et al. (1999) 
and Nordgård Bolås et al. (2004) who showed that porosity does not always show a positive correlation to 
overpressure in mudstones. It therefore becomes apparent that the void ratio change used as an index of 
compaction is problematic because precipitation of minerals may reduce porosity without compaction while 
compaction may proceed but porosity increases due to dissolution.   
 
Experimental studies in mudstones commonly deal only with mechanical compaction due to changes in effective 
stress because chemical compaction processes are dependent on time as well as temperature unlike the common 
stress-strain experiments (Bjørlykke and Høeg, 1997). Consequently, few data exist on the role of chemical 
processes in mudstone compaction (Nygård et al., 2004). Therefore, it is not known if mechanical or chemical 
processes principally control compaction of mudstones. This has arisen due to shortcomings inherent in existing 
experimental studies on compaction of mudstones. First, the effect of organic matter on compaction has only 
received minor attention because most studies on petroleum generation employ crushed rock in which 
compaction cannot be assessed. Secondly, most experiments on compaction of mudstones are inclined towards 
the effective stress approach and do not exceed temperatures of 100°C. In the present study, organic matter-rich 
mudstone samples were subjected to experimental conditions resulting in the transformation of organic matter 
under controlled axial stress. The objectives were to assess the relative significance of both extrinsic (axial stress 
and temperature) and intrinsic (mineralogy and organic matter) factors during compaction of mudstones. In 
addition, comparison of sample plugs after experiments allowed the relation between compaction (volume 
change) and porosity (void ratio) to be examined. These results are expected to provide further insight into 
mudstone compaction in sedimentary basins. Furthermore, because of current uncertainties in future supply of 
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hydrocarbon fuel and the abundance and potential of oil shales as an alternative source, these findings are 
relevant for the development of technology for in situ oil shale exploitation.   
 
3.3 Samples 
 
The laboratory deformation tests were performed on samples of oil shales from six basins in Germany, Australia 
and Turkey. These included samples from the Posidonia shale from S. Germany (PS), the Posidonia shale from 
N. Germany (PN), the Himmetoglu oil shale (H), the Torbanite (T), the Condor oil shale (C) and the Messel oil 
shale (M). Physical examination of samples showed that they were well preserved. After collection or receipt, 
samples were wrapped in aluminium foil and stored at room temperature away from light. Plugs were drilled just 
prior to testing. Samples that could yield several plugs were preferred due to the frequent failures in preparation 
of adequate plugs and the necessity for sub samples for various tests carried out. Due to multiple factors 
including mineralogy, lamination and moisture content, samples tended to split especially along lamina during 
drilling. Moisture contents were not measured but were probably higher than 10% in C and M and lower for the 
other samples. The absence of weathering signs and macroscopic alteration that could affect properties 
investigated after plug drilling provided a rationale for the use of these samples in this study.  
 
Key information on the petrophysical and compositional properties of the samples is listed in Table 3.1. The 
known sampling depth of the oil shales ranged from 17 m for H to 76 m for M. Their colours extended from grey 
for PS and PN over brown for C and H and dark grey for M to black for T. They exhibited micro-laminated to 
massive textures but were not fissile. Micro-lamination was more apparent after drilling in C and PN. Random 
vitrinite reflectance ranged from 0.19 % in T to 0.52 % in PS (Table 3.1) suggesting that none of the samples had 
experienced burial much below 2 km during its geologic history.  
 
The bulk density values ranged from 1.14 g/cm³ for T to 2.1 g/cm³ for PS with slightly higher grain densities all 
consistent with their Total Organic Carbon (TOC) contents, which varied from 9.66 wt % in PS to 51.33 wt % in 
T. The carbonate contents calculated from total inorganic carbon (TIC) contents ranged from 1.5 wt % in T to 
24.2 wt % in PS in agreement with their deposition in lacustrine and shallow marine environments, respectively.  
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Table 3.1 key petrophysical and geochemical information of oil shales studied 
 
Sample attributes Sample names and symbols 
property unit Posidonia 
(PS) 
Posidonia 
(PN) 
Himmetoglu 
(H) 
Torbanite 
(T) 
Condor (C) Messel  
(M) 
geologic 
age 
 Lower 
Toarcian 
Lower 
Toarcian 
Oligocene Permian Miocene Eocene 
depositional 
environment 
- Shallow 
marine 
Shallow 
marine 
lacustrine lacustrine lacustrine lacustrine 
Basin of 
origin 
- S.German 
(Germany) 
N.German 
(Germany) 
Bolu-Gorynük 
(Turkey) 
Sydney 
(Australia) 
Hilsborough 
(Australia) 
Upper Rhine 
(Germany) 
sample 
description 
 grey-micro 
laminated 
grey-micro 
laminated 
brown-macro 
laminated 
black-massive brown-micro 
laminated 
dark-grey macro 
laminated 
Current 
depth 
m - 41 17 - - 76 
maturity %Rr 0.52 0.51 0.27 0.19 0.29 0.31 
TOC wt % 9.66 12.07 31.3 51.33 12.61 20.33 
CaCO3 
from TIC 
wt %  24.2 22.7 2.2 1.5 5 7.7 
1ρb g/cm³ 2.1 2.05 1.28 1.1 1.9 1.41 
2ρm g/cm³ 2.31 2.16 1.59 1.1 2.18 1.58 
Φo % 12.53 8.14 20.13 7.6 16.2 16.19 
moisture 
content 
% <10 <10 <10 <10 10-15 15-30 
 
1- ρb = ρf*Φ + ρk* Φk + ρmin* Φmin 
where Φ is the volume fraction of pores from mercury porosimetry containing fluids (f), Φk and ρk are the 
volume fraction and density of kerogen, and Φmin and ρmin denote the volume fraction and density of minerals 
respectively. 
 
2- ρm = (ρb – ρf * Φ)/( Φk + Φmin), where ρm is grain density. 
 
Qualitative mineralogy data based on X-ray diffraction (XRD) before and after high temperature experiments is 
given in Table 3.2. Calcite constituted the dominant mineral in PS, PN and H whereas quartz dominated in C, 
and T, and illite/smectite in M. Kaolinite constituted the major clay mineral except in H and M while the 
principal sulphide mineral was pyrite. No major changes in minerals occurred after the experiments except 
relative decrease in especially clay mineral peaks that may be attributed to dehydration.  
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Table 3.2 Major minerals in oil shales before and after heating up to 350°C based on xrd 
 
Oil shale Pre-deformation Post-deformation 
PS calcite>quartz>kaolinite>pyrite calcite>quartz>kaolinite>pyrite 
PN calcite>quartz>kaolinite >pyrite calcite>quartz>kaolinite>pyrite 
H calcite>quartz>illite>pyrite>kaolinite calcite>quartz>illite>pyrite>kaolinite 
 T quartz> kaolinite quartz>kaolinite 
C quartz>kaolinite>siderite>pyrite quartz>kaolinite>siderite>illite 
M illite> smectite>kaolinite>quartz illite>quartz 
 
3.4 Methods 
3.4.1 Deformation Experiments 
 
Figure 3.1a shows a schematic overview of methods used in sample characterization for this study. The principal 
methods are elaborated upon below. The laboratory deformation experiments were carried out in a material 
testing device equipped with a flow-cell consisting of a stainless steel cylinder surrounded by a heating sleeve 
for simultaneous application of temperatures (Fig 3.1b) up to 350°C (Schlömer and Krooss, 1997; Hildenbrand 
et al., 2002). The flow cell can accommodate cylindrical plugs up to of 28.5 mm in diameter with a maximum 
length of 30 mm. The testing device has an axial loading capacity of 100 kN, and can be interfaced to high-
pressure pumps that provide confining and fluid pressures up to 50MPa. The cell can be operated under 
unconfined and confined conditions to simulate uniaxial and triaxial deformation. Unconfined deformation 
experiments conducted in this study involved: i) mechanical loading tests at ambient temperature ii) 
programmed-heating at constant load and iii) programmed-heating with dynamic load.  
 
During the unconfined compressive strength (UCS) tests, sample plugs that ranged in length from 8-20 mm and 
27-28.5 mm diameter (d) were placed between two stainless steel pistons (d = 28.6mm ). They were then loaded 
uniaxially by compressive displacement of the pistons at 0.1-1 kN/min until failure occurred. The Propress™ 
software recorded axial load and deformation data with an accuracy of 0.01 kN and 0.01 mm, respectively. These 
data were used to compute axial stress (F/A where F = load (kN) and A = sample cross sectional area (m²)) and 
axial strain (∆L/L where ∆L is the change in thickness (mm) and L is the original sample thickness (mm)) values.  
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Fig.3.1a: Schematic representation of integrated geochemical, geo-mechanical, petrophysical and petrologic 
techniques used in characterization of pre- and post-deformation oil shales. 
Fig.3.1b: Schematic representation of the flow cell used in deformation experiments with various accessory  
components 
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The effect of temperature during deformation of various samples was assessed at constant load of 20 and 25 kN 
in the unconfined state. Samples were enclosed by a double-layered sleeve of lead and copper and the lower end 
of the flow cell sealed by graphite rings capable of withstanding temperatures in excess of 350°C (Fig.3.1b). The 
experiments were conducted up to temperatures of 310°C using the following temperature program: 
1. 25°C to 150°C at 1°C/min, and held isothermally for 1 h   
2. 150°C to 300°C at 1°C/min and held isothermally for 72 hours  
3. increase to 310°C at 1°C/min and held isothermally for 12 hours. 
 
The effect of heating rate and temperature during deformation was further studied by reducing the heating rate to 
0.2°C/min, and raising the temperature to 350°C. This consisted of 24 hours isothermal intervals at 320, 330, 340 
and 350°C resulting in five days duration during which the axial load changed from 0-5 KN (0-8MPa). Blind 
experiments were conducted to assess the effect of temperature on the experimental setup. As expected, this 
effect was opposing axial strain and the results of the blind runs were used to correct the acquired data. 
 
3.4.2 XRD 
Pre- and post - deformation bulk powder samples of the oil shales were analysed on a Siemens D 500 X-ray 
diffractometer using CuKα radiation ( λ = 1.5406 Å) of 45 kV and 3 mA, recorded in steps of 0.03° 2θ with a 
time constant of 1.8 s. The inter-lattice spacing (d) calculated from Bragg’s equation (2d sinθ = nλ) was used for 
mineral identification. 
 
3.4.3 Mercury porosimetry 
Sub-rectangular chips of pre- and post-deformation oil shale samples with masses ranging between 0.5 and 6.5g 
were used for mercury injection in order to determine the bulk porosity of the samples and their pore size 
distribution. Measurements were performed on a Micromeritics Autopore IV 9500 Mercury Porosimeter. The 
pressure of mercury was increased continuously from 0.013-430 MPa (2-61000 psi) until pores were fully 
saturated with mercury. The volume of intruded mercury from the penetrometer stem and the sample volume 
were used to determine the porosity of samples.  
 
3.4.4 SEM 
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Polished blocks of samples previously used in light microscopy were degassed under vacuum for several hours. 
Samples were then coated with carbon to render them conductive for both mineral and texture characterisation 
(Taylor et al., 1998). Scanning electron microscopy (SEM) was performed using a Zeiss Gemini 982 microscope 
coupled to an energy dispersive X-ray analyser ( EDS-System Oxford link ISIS with HPGe-detector) in order to 
identify specific mineral grains, grain morphology, and matrix relation of various minerals. The mineral 
composition data was generated using the back scattered electron (BSE) mode and the resulting spectra used in 
mineral identification.  
 
3.5 Results and Discussion 
 
3.5.1 Deformation due to axial load and estimation of maximum burial  
The stress-strain responses from unconfined compressive strength (σc) tests of six oil shales at room temperature 
are shown in Figure 3.2. Five of these samples (M, C, H, PS and PN) exhibited brittle behaviour (< 10 % axial 
strain) before failure while a ductile response was observed for one sample (T). The steepness of the stress-strain 
curves decreased as organic matter content increased, with the exception of sample M (20.3 % TOC). For this 
latter sample, a linear stress-strain relation was observed with relatively large deformation at low axial load. The 
initial strain occurring at low stress was generally attributed to porosity loss during which expulsion of water 
was observed in the samples. Further strain with increasing stress was observed to cause obliteration of the 
lamination. At the micro-scale, axial strain in response to stress is thought to cause closer grain packing in the 
matrix by mineral re-arrangement. Mineral grain re-arrangement may be characterised by a variety of 
mechanisms including fracturing, rotation, bending, and sliding (Djéran-Maigre et al., 1998; Yang, 2000). 
Finally, sub-vertical and vertical fractures developed, coalesced and propagated radially before failure occurred 
as the rocks lost all their resistance to stress. Dewhurst and Hennig (2003) reported a similar failure mechanism 
for example for the Muderong shale of the Carnavon basin.  
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 Fig 3.2: Plot of the stress – strain responses of six oil shales during unconfined strength tests showing brittle  
 deformation in PN, PS, H, T, C & M as well as ductile deformation in T before failure. 
 
 
 
Numerical data for the geomechanical properties of the oil shales studied are shown in Table 3.3. Strength is the 
level of stress at failure whether brittle or ductile. According to the classification given in Onargan et al. (2004), 
the strength of samples ranged from very weak (σc 5.3 MPa) for M to medium (σc up to 70 MPa in PN) for the 
others. The axial strain values ranged from 1.9 % in PN to 23 % in T and showed strong correlation to σc.  
However, due to its TOC of 51.33 wt % (Table 3.1) sample T, despite its medium strength, exhibited the highest 
strain because of the higher compressibility of organic matter (Djéran-Maigre et al., 1998). The moduli of 
elasticity (E) computed at 50 % of the maximum stress reached before failure ranged from 0.08 GPa in M to 3.5 
GPa in PN and were consistent with the strength data. Low axial strain (< 2 %) values such as observed for PN 
are commonly interpreted to be evidence of deeper burial of rocks in the past relative to their current depth. The 
present-day burial depths of samples H, PN and M are 17, 41 and 76 m, respectively (Table 3.3). In order to 
verify if these current depths represent the maximum experienced by samples during their geologic history, three 
indicators (porosity, Rr and pre-consolidation stress) were used. Athy (1930) proposed a decrease of mudstone 
porosity with depth according to equation 3.3. Table 3.1 lists the porosity values of the oil shale samples as 
determined by mercury porosimetry. These ranged from 7.6 % in T to 20.13% in H. By comparing these 
measured porosity values with a so called “normal compaction curve” (e.g Poelchau et al., 1997), estimates for 
corresponding burial depths ranged from about 2.5 to over 6 km (Fig.3.3).  
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Fig 3.3: normal compaction curve used in estimation of burial depth as a function of porosity re-plotted from the 
IES shale in Poelschau et al (1997) showing the limitation of this for estimation of burial depths as shown by the  
oil shales studied. 
 
Vitrinite reflectance (% Rr) was used as an alternative indicator to constrain the maxiumum burial depth of the 
samples in the geologic past. The reflectance of the vitrinite maceral varies between 0.6 to 1.3% during the main 
phase of petroleum generation that is known to occur at depths between 2 and 4 km in many basins (Tissot and 
Welte, 1984; Bordenave, 1993; Hunt, 1996). Because all samples of the present sequence were immature with  
 
Table 3.3 Geomechanical parameters of oil shales used in this study 
Sample σc  
(MPa) 
E (GPa) ε (%) z1(m) z2 (m) z3 (m) OCR 
PS 62.96 1.57 5.3 - 4596 6127 - 
PN 70 3.5 1.9 41 5109 6495 125 
H 57.7 0.72 9.3 17 4212 5840 251 
T 49 0.61 23 - 3577 5338 - 
C 47 0.78 5.8 - 3431 5217 - 
M 5.3 0.08 6.5 76 387 1571 5.1 
*  
σc   - unconfined compressive strength 
E    - modulus of elasticity 
ε     - axial strain  
z1   - current burial depths 
z2     - maximum burial depths assuming unconfined strength is maximum effective vertical stress experienced by  
        samples under hydrostatic conditions from an overburden column with average density of 2.4g/cm³  
z3     - depths from relation between unconfined strength and pre-consolidation stress proposed by Nygård et al.  
        (2006) 
OCR - overconsolidation ratio 
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vitrinite reflectance ranging from 0.19 % in T to 0.52 % in PS (Table 3.1), their maximum burial depths had 
probably not exceeded 2 km. Even though vitrinite reflectance data also suggest deeper burial of the samples in 
the past, it definitely does not support depth ranges implied by the porosity-depth approach. In consequence, 
usage of porosity as an indicator of burial depth may be less reliable for organic matter-rich mudstones. In 
addition, porosity may be rapidly reduced by early cementation even when deep burial has not been experienced. 
 
A third way of estimating maximum burial depth of mudstones from laboratory data uses the concept of 
“overconsolidation”. This denotes the condition in which mudstones show low strain before failure (Djéran-
Maigre et al., 1998; Dewhurst and Hennig., 2003). The maximum effective stress attained during maximum 
burial (apparent pre-consolidation stress) is related to the current effective stress by a parameter known as the 
overconsolidation ratio (OCR). This is given by:  
 OCR = σv’max / σv’                                                                                                                                               (3.7)     
where σv’max is the maximum effective vertical stress experienced by the sample, and σv’ is the current effective 
vertical stress. Normally consolidated samples show ratios around one while higher values are due to over-
consolidation (Bayer & Wetzel, 1989; Nygård et al., 2004). The apparent pre-consolidation stress (σv’max) 
represents the point at which a sharp change occurs during laboratory loading by plotting the volumetric strain or 
void ratio change against effective stress (Nygård et al., 2004). Because, neither the void ratio change nor the 
volumetric strain could be monitored during the strength tests, some assumptions were made in order to estimate 
burial depths of the samples based on effective stress. Nygård et al. (2006) suggested that shear failure occurs in 
mudstones when the maximum principal effective stress (σ’1) is equal to the product of the failure coefficient and 
the minimum principal effective stress (σ’3) plus the unconfined strength (σc). This relation is given by: 
σ’1 = Nø σ’3 + σc                                                                                                                                                    (3.8) 
Evidently, if this relation is considered during unconfined strength tests when horizontal stresses (σ’3) are absent, 
the maximum principal effective stress (σ’1)   is equal to the unconfined strength (σc).  
 
The σc of samples that ranged from 5.3 MPa in M to 70 MPa in PN were therefore assumed to represent their 
pre-consolidation stresses (σv’max). These may be considered as minimum values because under mechanical 
stress, the presence of confining pressure such as exist in sedimentary basins increases rock strength. Current 
effective stresses for M, H and PN were calculated based on their current burial depths (Table 3.1) from the 
relation given by: 
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σv’ = ∆ρgz                                                                                                                                                              (3.9) 
Here ∆ρ is the difference between an assumed average specific gravity of overburden taken as 2.4 g /cm³ and 
water of 1.03 g /cm³, g is the acceleration due to gravity, and z is the burial depth. Calculated OCRs based on 
equation (3.7) were 5.1 for M, 125 for PN and 251 for H showing that these samples are all overconsolidated. 
Yalcin et al. (1997) for example have reported inversion for the Northern German basin from which PN 
originates supporting overconsolidation. The assumed pre-consolidation stresses were compared to those 
obtained using a relation between σv’max and σc given as: 
 σv’max  = 8.6σc0.55                                                                                                                                               (3.10) 
proposed by Nygård et al. (2006) based on chalks from the North Sea as shown in Fig. 4.  
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Fig.3.4: Comparative plot of pre-consolidation stress from measured unconfined strength (closed diamonds) of 
samples and relation between unconfined strength and pre-consolidation stress (closed squares) proposed by 
Nygård et al. (2006). 
 
In both cases, the relation is potential and the difference between the pre-consolidation stresses based on the 
relation derived from chalks relative to those of samples studied may be attributed to enhanced cementation from 
calcite in the chalks compared to the oil shales with high organic matter. Nygård et al. (2006) clearly noted that 
more data is required to establish a general relation between pre-consolidation stress and unconfined strength in 
mudstones.  
 
Based on σv’max, corresponding depths were calculated from equation (3.9). Depths based on the assumed σv’max  
ranged from 387m in M to 5.7 km in PN while those from equation 10 ranged 1.6 km in M to 6.5 km in PN. 
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These estimates also support indices from vitrinite reflectance and porosity, showing clearly that these organic 
matter-rich mudstones had experienced deeper burial in the past. However, though vitrinite reflectance does not 
directly indicate maximum depth values, it demonstrates that the pre-consolidation stress similar to porosity is 
unreliable for quantitative estimation of maximum burial depth of organic matter-rich mudstones.  
 
3.5.2 Deformation due to temperature 
 
In order to demonstrate the role of temperature on the compaction of the organic matter–rich mudstones, axial 
strain was assessed under two different heating regimes. In the first case, three samples (PS, M & H) that 
deformed by axial strain from 5.3 % to 9.5 % at room temperature were studied at constant axial stress and a 
maximum temperature of 310°C. The samples were loaded at 1 kN/min up to 31 and 42 MPa (Fig.3.5).  
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Fig.3.5: Axial strain during loading at room temperature with subsequent heating at constant stress between 31 
and 42 MPa for H, PS and M. All samples showed higher strain upon heating to 310°C compared to maximum 
strain exhibited at room temperature before failure (5.3 to 9.5%). 
 
Sample M was subjected to several loading and unloading cycles prior to the actual deformation test. This pre-
treatment is known to increase the rock strength and its ability to support applied axial stress (Bjørlykke and 
Høeg, 1997; Djéran-Maigre et al., 1998; Pouya et al., 1998; Nygård et al., 2004). A duplicate of sample H was 
used to assess the reproducibility of the strain responses. After attaining the final axial stress, the temperature 
programme was initiated. It involved an increase from 25°C to 150°C followed by an isothermal period of one 
hour. The temperature was further raised to 300°C at which samples stayed for 72 hours followed by an increase 
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to 310 °C that lasted for 12 hours. The heating rate during the non-isothermal phases was 1°C/min. The axial 
strain due to loading up to the final stress was less than 5 % (Fig.3.5) consistent with their responses to 
mechanical load only (Fig.3.2). The final strain of the samples after heating, however, ranged from 12 % in PS to 
79 % in H showing that temperature greatly enhances axial strain in these organic matter-rich mudstones.  
 
The axial strain data are plotted as a function of temperature at constant axial stresses in Fig. 3.6. The largest 
axial deformations were observed for sample M (3 to 22 % strain between 110 and 125°C) and sample H (20 to 
45% strain between 280 and 300°C). Sample PS exhibited 12 % strain that occurred between 200 to 300°C. The 
high strain observed for sample M is attributed to dehydration and is discussed in more detail in section 4.3. The 
deformation of sample H is due to creep (strain at constant stress). Chen (1984) noted that at elevated 
temperatures large instantaneous creep would occur in organic matter-rich mudstones once a certain critical 
value of strength is exceeded. This response was enhanced in H because porosity and organic matter constituted 
about 71% of the rock volume. The lower strain in PS was due to its higher mineral content (65%) with about 24 
wt % calcite (Table 3.1).  
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Fig.3.6: Axial strain variation as a function of temperature at constant stress of 31-42 MPa in H, PS and M 
showing high strain in M between 110-125°C, creep in H at 300°C and start of visible strain in PS around 
200°C. 
 
The role of temperature on strain was further investigated for all six samples by an experimental regime 
involving a lower heating rate (0.2°C/min), lower axial loading rate (0-8 MPa over 5 days) and higher final 
temperature (350°C). The simultaneous increase in stress and temperature was used to simulate deformation 
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associated with burial. The strain responses as a function of stress from 0 to 8 MPa (far below the σc in Table 3.3 
except for M) are shown in Figure 3.7. Final axial strain ranged from 1.38 % in PN to 40 % in H. Under these 
experimental conditions, the final strain also largely exceeded the one due to mechanical load alone, especially 
for sample H (9.5 % at 57.7 MPa). Sample M experienced over 20 % axial strain below 0.5 MPa compared to 
6.5 % at 5.3 MPa at room temperature. Despite the high axial strain of sample M at low stress, it was overtaken 
by sample H after 30 % axial strain whereas sample T experienced merely about 10 % axial strain at the end of 
the experiment. Here again, it is evident that the deformation of the samples was more strongly controlled by 
temperature than by effective stress.  
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Fig.3.7: Axial strain due to variation in low dynamic axial load from 0-8MPa over 5 days during which 
temperature changed from 32 to 350 °C with 24 hours isothermal intervals at 320, 330, 340 and 350°C for six 
organic matter-rich mudstones. 
 
The plot of the strain data as a function of temperature (Fig. 3.8) shows that the high strain in M occurred 
between 94 – 150°C (see also Fig. 3.6). Even under different stress and temperature conditions, the response was 
persistent and it was attributed to dehydration of smectite (cf. section 3.5.3). The smaller dehydration interval 
(100-125 °C) during the constant stress experiments in M could be because the sample used in the constant stress 
experiments contained lesser water after the loading cycles used to raise its strength. Sample H started to show 
significant axial strain at about 280°C (Fig. 3.8) similar to its response at the higher heating rate (Fig. 3.6). While 
for samples M and H the onset of visible strain was observed below 2 MPa, axial strain in the other samples 
became apparent only above this stress. As shown in Fig. 3.2, a stress of 2 MPa did not result in any significant 
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axial strain at room temperature. Therefore, the final strain exhibited by the samples can only be explained by a 
temperature effect.  
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Fig.3.8: Axial strain variation as a function temperature showing dehydration in M due to smectite and further  
significant strain from 280 °C in H. Other samples showed visible strain above 300°C with strain in T     
surpassing C, PS and PN due to increasing plastic deformation of its organic matter with increasing temperature.  
 
The influence of temperature on axial strain becomes more apparent when plotting the moduli of elasticity at 
room temperature and stress/strain ratios (moduli of deformation, due to non-linear response) during experiments 
up to 350°C (Fig.3.9). The marked difference between the moduli at room temperature demonstrates that 
temperature reduces rock strength, leading to higher axial strain at lower stresses relative to room temperature.  
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Fig.3.9: Comparison of elasticity moduli at room temperature to those at 320, 330, 340 and 350°C in six organic  
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matter-rich mudstones. H and M, despite initial difference due to strength at 25 °C, evolve along the same line 
above 320 °C. T cuts across C at 330°C and goes below by 340°C due to increasing plastic deformation of its 
organic matter.  
 
Reduction of modulus of elasticity with increasing temperature has been shown before for the Green River oil 
shale (Bradley and Closmann, 1979; Zeuch, 1983). Compared to the moduli at 25 °C, those at 350°C were lower 
by factors from 2.76 in C to 30.4 in H. Due to temperature effects; the moduli in H followed the same line as that 
in M from 320°C to 350°C despite their initial strength contrast (Table 3.3). Samples C, PN and PS showed 
lower strain because they contained over 55% minerals dominated by calcite and quartz that enhance rock 
strength due to cementation. Sample T contained up to 76 % organic matter by volume but showed a higher E-
modulus compared to C up to 320°C because of the higher thermal stability of its organic matter. Its moduli 
intersected those of C at 330°C (Fig. 3.9) and were subsequently lower as plastic deformation of its organic 
matter increased due to temperature. This explains its final strain up to 10 % (Figs. 3.7 and 3.8) suggesting that 
with increasing temperature its final strain may surpass that of H. Both, the constant and low dynamic axial load 
tests relative to the unconfined strength tests demonstrated that axial strain is controlled by temperature rather 
than effective stress. Under hydrostatic pore fluid conditions, the estimated pre-consolidation stress (Fig. 3.4) 
was not reached during the experiments in the presence of temperature. For deformation due to axial load only, it 
is suggested than no further compaction would occur except after the pre-consolidation stress is exceeded 
(Nygård et al., 2004). In the presence of temperature, the resultant axial strain is controlled by the volumetric 
fractions of pores, minerals and organic matter. 
 
3.5.3 Response of minerals and micro-structural analysis 
The photomicrographs in Fig. 3.10 (a-l) show the contrast in microstructure and composition of oil shale samples 
before and after experiments up to 350°C (0-8 MPa axial stress). The effects due to stress and temperature on the 
microstructure and composition of these organic matter-rich mudstones must be distinguished from inherited 
diagenetic alterations. The prominent diagenetic response involved substitution reactions of the carbonate-
carbonate type in M and carbonate-sulphide in samples C and T (Fig.3.10 i, k, l). The petrographic observations 
indicate that these are low-temperature reactions controlled by pore fluid chemistry. These reactions involved ion 
exchange with minor changes in grain morphology. Comparison of the pre- (Fig. 3.10, a, b, d, f, h, j) and post-
deformation samples (Fig.3.10, c, e, g, i, k, l) revealed no prominent changes in mineral grain orientation by the 
compaction tests. The absence of systematic grain re-orientation may be attributed to the comparatively low 
maximum axial stress of 8 MPa. Some platy clay minerals in Fig. 3.10 (c, e, f) showed inclination that may 
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suggests they experienced rotation and re-alignment in response to the principal stress axis as indicated by 
Djeran-Maigre et al. (1998). This is not tenable because Fig. 3.10 f was a pre-deformation sample. Furthermore, 
Kvilhaug and Roaldset (1998) showed on mudstones from the North Sea that this feature may be limited to 
homogeneous claystones. Aplin et al. (2004) did not observe mineral grain re-alignment perpendicular to the 
principal stress axis on mudstones from the Gulf of Mexico even at depths greater than 5 km. This indicates that 
this process is not dependent on overburden stress. As noted above, at the low maximum stress of 8 MPa, H 
experienced up to 40 % axial strain (Fig. 3.8), which should be sufficient to result in fabric changes. Organic 
matter deformation was controlled by its relation to minerals in the matrix as seen on the micrographs generally 
characterised by the dark colours.  
 
Sand -sized particles in the matrix of pre - deformation samples of PN and H (Fig. 3.10 d, f) demonstrated the 
heterogeneous nature of these oil shales while sample C showed the finest-grained matrix (Fig.3.10 j). Apart 
from particle size, the grain morphology of the minerals was also highly variable. Rod-shaped, angular, platy, 
framboidal and irregular particles are discernable in Fig. 3.10 c, e and f. The variation in grain morphology also 
supported different re-arrangement patterns in the matrix in response to stress. The clay minerals, recognised 
from their sheet structure (Fig. 3.10 c, e, l) also occurred as aggregates in T. Large heavy mineral fragments 
enhance rock strength and increase resistance to re-adjustment (Fig. 3.10 f). They may be subject to a variety of 
re-adjustment processes including sliding, bending, fracturing and brecciation (Djéran-Maigre et al., 1998, Yang, 
2000). Their scarcity in C suggests that microcrystalline quartz cement controlled the mechanical strength of this 
sample.  
Table 3.4 lists the numerical data reflecting the changes in the samples after heating up to 350°C. The weight 
loss in the sample plugs ranged from 4.54 % in PN to 43.68 % in M. The stress-strain response of sample M 
between 94 and 150 °C (Fig. 3.8) was attributed to dehydration of smectite for the following reasons: 
1. Sample M was the only sample in which smectite was identified in the original state (Table 3.2). 
2. The post-deformation sample M did not show a smectite signal (Fig.3.11b). 
3. The same response was observed under two different heating regimes. 
4. Experiments were conducted on samples immediately after drilling with water as the drilling fluid. If 
dehydration of free water would be responsible for this response, then other samples especially sample 
H with 20.1% porosity compared to 16.2 % for M would have shown a similar or even more prominent 
response. 
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Fig.3.10 (a-l): Back-scattered scanning electron micrographs showing diagenetic fingerprint, mineral grain  
morphology, effect of axial load and micro-structural relation of matrix components in pre- and post- 
deformation samples 
 
a) Pre-deformation PS showing angular and sub-angular mineral fragments (grey) in silty matrix with heavy 
minerals (white) dominated by pyrite as well as prominent lamina of organic matter (black) free of minerals. 
Minerals labelled are: 1) zirconium silicate, 2) calcite, 3) sphene, 4) quartz, 5) clay and vi) pyrite 
 
b) Pre-deformation PS characterised by irregular and angular minerals in silty matrix. Light grey to white heavy  
    minerals showing replacement of carbonate by sulphide. Clay, similar to pyrite showed close association to  
    organic matter lamina. Minerals labelled are: 1) pyrite, 2) calcite, 3) clay and 4) quartz 
 
c) Post-deformation PS with heterogeneous matrix showing silt-size sheet clay minerals associated with 
framboidal pyrite. Black organic matter showed inclusion of fragments of minerals and laminae were less 
apparent probably due to axial strain. Inclination of clay mineral sheets may be due to stress but variation in 
grain morphology for other minerals suggests differential response to stress. Highly compressible organic matter 
occurred as isolated spots within minerals. Minerals labelled are: 1) clay, 2) clay, 3) quartz and 4) calcite 
 
d) Pre-deformation PN composed of a heterogeneous silty matrix containing abundant pyrite framboids together 
with other sand-sized sulphides. Organic matter laminae were less apparent but still more or less continuous 
across the matrix. Minerals labelled are: 1) sphalerite, 2) quartz, 3) pyrite, 4) clay and 5) clay 
 
e) Post-deformation PN composed of a heterogeneous matrix with silty particles and random lamina of organic  
    matter. Clay sheets showed no preferential orientation due to deformation. Minerals labelled are: 1) pyrite, 2)  
    calcite, 3) clay and  4) clay 
 
f) Pre-deformation H showing sand-sized apatite demonstrating differential compaction along its edges with dark  
organic matter closest followed by tiny parallel orientated heavy minerals in its silty matrix. The orientation of 
the apatite showed that this was not necessarily due to axial load during the experiments. Minerals labelled are: 
1) apatite, 2) quartz, 3) k-feldspar and 4) k-feldspar 
 
g) Post-deformation H composed of a silty matrix with scattered pyrite framboids. Also seen was localised 
fractured albite with no preferential grain orientation. Minerals labelled are: 1) clay, 2) clay, 3) pyrite and 4) 
quartz 
 
h) Pre-deformation T showing concretion of pyrite framboids intimately associated with organic matter in its 
fine-grained matrix. Minerals labelled are: 1) quartz, 2) pyrite and 3) calcite.  
 
i) Post-deformation T with silt-sized sub-rounded galena apparently replacing cerussite in its dark matrix. Its 
texture is massive due to its high organic matter content with rare quartz floating in the matrix. Minerals labelled 
are: 1)galena, 2) cerussite, 3) quartz and 4) anhydrite 
 
j) Pre-deformation C composed of a fine-grained matrix with prominent dark continuous (left) or discontinuous  
(centre) lamina of organic matter and rare silt to sand-sized minerals. Pyrite occurred within some organic matter  
   particles (bottom left). Minerals labelled are: 1) pyrite, 2) siderite, 3) siderite and 4) kaolinite 
 
k) Post-deformation C composed of wavy lamina of organic matter between fined - grained minerals probably in  
response to stress. The close association between pyrite and organic matter was still apparent. Carbonate-
sulphide replacement without change in grain morphology of silty particles constituted its inherited diagenetic 
replacement reaction. Minerals labelled are: 1) clay, 2) siderite, 3) siderite and 4) pyrite 
 
l) Post-deformation M displaying inherited carbonate-carbonate substitution. Dark organic matter occurred 
randomly distributed between minerals dominated by sub-vertical and horizontal clay sheets. Minerals labelled 
are: 1) siderite, 2) dolomite 3) clay and 4) dolomite 
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5. Even at 100 % pore saturation of sample M, the complete dehydration of this water should amount to 
just about 17 % wt loss as compared to 43.6 % observed at the end of the experiment. 
 
 
Table 3.4 Changes in geomechanical and physical properties after deformation at 350°C 
Sample σm 
(MPa) 
ε (%) v     ∆m  
(wt %) 
∆ρ (%) 
PS 8 3.01 0.25 6.52 -4.29 
PN 8 1.38 0.50 4.54 -3.88 
H 8 40 nd nd nd 
T 8 10.41 0.06 10.31 -0.6 
C 8 3.05 0.40 7.21 -5.63 
M 8 35 -0.34 43.68 15.92 
* 
 σm    - maximum stress during deformation up to 350°C 
 ε          -   axial strain % 
 v      - Poison’s ratio (∆d/d)/ (∆L/L) where d is sample diameter and L is thickness before deformation 
 ∆m  - mass of plug before – mass of plug after experiment and ∆ρ is the change in bulk density after  
           deformation 
 
Smectite dehydration according to Bruce (1984) occurs between 71-150°C in nature. The current data suggest 
that it may therefore be associated with considerable axial strain but its effect on porosity change is not clear. 
This is because the XRD data was only qualitative and as such, the mass or volume change associated with this 
dehydration could not be assessed. Smectite dehydration causes shrinkage (Dewhurst and Hennig, 2003) as 
shown by the negative Poisson’s ratio (lateral/vertical strain ratio) of sample M (Table 3.4). Other samples 
showed Poisson’s ratios (0-0.5) similar to those commonly reported in the literature (Mohammad et al., 1997). 
Mass balance calculations for the data in Table 3.4 showed that loss of water and minerals accounted for 1.2 wt 
% in PN to 35.6 wt % in M. Loss due to transformation and expulsion of organic matter ranged from 1.1wt % in 
T to 8 wt % in M. While the large volume change of sample M due to shrinkage resulted in an increase in its 
bulk density, the other samples showed lower densities after the experiments because their mass loss during the 
experiments exceeded their volume change (compaction). Other minerals that may release water during the 
heating up to 350°C include kaolinite and illite (Espitalie et al., 1977). In nature, alterations of quartz, illite and 
kaolinite that cause chemical compaction occur between 80-140°C (Bjørlykke and Høeg, 1997), i.e. in the same 
temperature range as smectite dehydration. Even though these reactions occur within the same temperature 
interval in nature, the XRD data reveal that dehydration of kaolinite and illite is only a minor effect as evident 
for kaolinite with sample T and even less apparent for sample PN (Fig.3.11). Consequently, in contrast to the 
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strain resulting from smectite dehydration in M, release of water from minerals such as illite and kaolinite during 
the experiments cannot be attributed to a particular interval on the strain-temperature plots.   
 
a 
 
b 
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c 
 
d 
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e 
 
f 
Fig.3.11 (a-e): X-ray diffractograms for three organic matter-rich mudstones (M, T & PN) showing major 
minerals in pre- and post-deformation samples.  Minerals are labelled using initials with i) C = calcite, ii) I =  
                     illite, iii) I/Q = illite/ Quartz, iv) I/S = illite/smectite, v) K = kaolinite and vi) Q = quartz 
 
a) Pre-deformation XRD of M showing principal minerals including illite, smectite and quartz 
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b) Post-deformation XRD of M dominated by only illite and quartz  
 
c) Pre-deformation T showing major minerals including quartz and kaolinite 
 
d) Post-deformation T still dominated by quartz and kaolinite with relative decrease in the first major quartz  
     peak and absence of the second kaolinite peak compared to the pre-deformation sample 
 
e) Pre-deformation XRD of PN showing major minerals dominated by calcite, quartz and kaolinite 
 
f) Post-deformation XRD of PN still dominated by calcite, quartz and kaolinite with less prominent changes  
    relative to the pre-deformation sample 
 
3.5.4 Response to stress and transformation of organic matter 
Figure 3.12 shows the change in organic matter quality of samples based on the Rock-Eval Hydrogen Index (HI) 
characterised by decrease from pre- to post-deformation samples due to petroleum generation and expulsion. The 
reduction in HI coincided with an increase of the temperature of maximum kerogen decomposition (Tmax). These 
changes are analogous to the same effects observed for petroleum source rocks with increasing maturity 
(Bordenave et al., 1993; Hunt, 1996). A mass balance to assess generation and expulsion was conducted based 
on the scheme advanced by Cooles et al. (1986). It is based on the assumption that the difference in TOC 
between pre- and post-deformation samples resulted from the generation and expulsion of petroleum from the 
source rocks. The Petroleum Generation Index (PGI; transformation ratio considering initial bitumen) calculated 
by this scheme ranged from 4.6 % in the Torbanite (T) to 55.8 % in the PS sample (Table 3.5). The low PGI of T 
was due to the higher thermal stability of its organic matter with a Tmax value of 451°C compared to 424 to 432 
°C for the other samples (Fig.3.12). The corresponding petroleum expulsion efficiencies (PEE) ranged from 38.6 
% in T to 96.2 % in PS with a strong positive correlation to the PGI.  
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 Fig.3.12: Decrease in Hydrogen Index of samples due to generation and expulsion consistent with increase in  
 temperature at which maximum decomposition of kerogen occurred during pyrolysis (Tmax). 
 
The effect of transformation and expulsion on the pore system of the samples was assessed by performing a 
volume balance of the components of the sample plugs (porosity, kerogen and minerals) shown in Table 3.5. Due 
to transformation of kerogen to petroleum, the porosity of the samples increased, as mentioned by Bredehoeft et 
al. (1994). Only sample H showed a lower porosity after the experiment than in its original state. This result was 
attributed to failure due to its low matrix strength as shown by the stress-temperature plot (Fig. 3.8). It must be 
noted that all samples experienced a net decrease in solid volume because the increase in porosity (1.56 % in PS 
to 6.36 % in PN) was less than loss in volume (2.55 % in T to 12.15% in M) due to kerogen transformation 
(Table 3.5). The compaction of sample plugs calculated from equation (1) ranged from 0.68 % in PN to 51.4 % 
in M. The variation in compaction despite similar degrees of transformation and expulsion for most samples 
indicates that transformation and expulsion were not controlled by axial strain or compaction but by temperature.  
Table 3.5 Transformation, expulsion estimates and volume balance of components in samples before and 
after deformation to 350°C with 0-8 MPa axial load 
 
Samples 1PGI (%) 2PEE (%) compaction 
(%)  
compre- 
ssibility 
(Cc) 
pore volume 
% (Vp) 
kerogen 
volume % 
(Vk) 
mineral 
volume % 
(Vm) 
PS - - -  12.53 22.06 65.41 
 
PSe 55.8 96.2 2.32 0.003 14.09 16.52 69.39 
 
PN - - -  8.14 28.83 63.03 
 
PNe 51.9 79.3 0.68 0.001 14.5 20.9 64.6 
 
H - - -  20.13 51.75 28.12 
 
He 46.2 91.1 - 0.05 12.1 44.97 42.93 
 
T - - -  7.6 76.25 16.15 
 
Te 4.6 38.6 9.77 0.012 9.99 73.7 16.31 
 
C - - -  16.2 27.23 56.57 
 
Ce 46.8 90.1 1.67 0.002 20.63 20.79 58.58 
 
M - - -  16.19 41.63 42.18 
 
Me 52.6 90.2 51.4 0.064 20.72 29.48 49.80 
 
1PGI = Ck (L+R) – Ck (L+R)e + Co  = generated petroleum + initial petroleum 
                      Ck (L+R) + Co                                    total petroleum 
        
2PEE = (Ck (L+R) + Co) – (Ck (L+R)e + Coe)    =                 petroleum expelled                                                               
                  Ck (L+R) – Ck (L+R)e + Co             petroleum generated + initial petroleum 
 57
Only sample M exhibited large axial strain below 280°C (Fig. 3.8), which was attributed to dehydration. Due to 
the similarity of its PGI to that of other samples, little transformation of organic matter appears to have occurred 
below this temperature. Sample H, due to its high organic matter volume, started to show large axial strain 
around 280 °C as the organic matter became plastic with increasing temperature. The E-modulus of sample T 
despite the higher stability of its organic matter (Tmax 451°C), was shown to decrease below that of C after 330 
°C (Fig.3.9). This temperature was therefore considered to characterise the onset of a significant response of its 
organic matter to temperature. Low compaction of PN, PS and C was due to cementation by calcite and quartz 
and low organic matter volume (< 30 %). Sample M compacted largely due to its shrinkage after dehydration 
that was associated with over 20 % strain between 94 – 150°C. Due to its high organic matter content (> 76 %), 
sample T compacted by 9.77 % despite a PGI of just 4.6 %. Consequently, compaction of plugs did not show 
strong correlation to their total weight loss. 
 
3.5.5 Implications for compaction of mudstones 
The initial maturity of the samples based on vitrinite reflectance ranged from 0.19 % Rr in T to 0.52 %Rr in PS 
(Table 3.1). After heating of plugs from 32-350 °C with simultaneous axial load increase from 0-8 MPa 
reflectance had increased to 0.58 % Rr in T and up to 0.8 % Rr in PN (Eseme et al. 2006). Similar maturity levels 
are reached in natural sedimentary systems at burial depths ranging from 2.3 to 3 km and temperatures between 
100°C and 120°C. Keeping the definition of compaction as volume change from initial to final state (∆V/V0), its 
relation to both axial strain and porosity/void ratio change is explored below. 
 
It may be thought that unconfined relative to confined experiments are less relevant for mudstone compaction 
studies because in the absence of confining pressure significant deformation may occur laterally. However, 
except in sample M where average lateral deformation (based on the change in diameter of plug cross sectional 
areas (∆d/d) from pre- to post-deformation) was -7.7 % due to shrinkage, lateral deformation in the other 
samples was 0.4 – 0.7% of the initial diameter of samples. A plot of compaction (∆V/V from pre- and post-
deformation plug cylinders) versus axial strain (∆L/L) is given in Fig. 3.13. A perfect correlation exists between 
these two parameters showing that when the maximum effective stress is vertical, compaction may be estimated 
from axial strain. Though axial strain can be considered to represent change in thickness of mudstones in 
sedimentary basins, application of a decompaction factor in stratigraphic reconstruction as given by Perier and 
Quiblier (1974) requires careful evaluation due to the influence of cementation and temperature. 
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On the other hand, because initial volume in sediments is hardly known, Athy (1930) proposed compaction was 
a function of porosity change with depth written as an exponential relation given in equation (3.3). The porosity 
change from pre- to post-deformation samples (Table 3.5) shows no relation to compaction and demonstrates the 
limitation of estimating compaction as a function of porosity change. Burland (1990) also developed a relation 
between effective stress and void ratio (equation. 3.5) commonly used in studies dealing with mudstone 
compaction. 
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 Fig.3.13: Generalised plot of samples showing the strong correlation between compaction and axial strain 
 
 
The applicability of this relation to compaction of mudstones was assessed by comparing the void ratio change 
in samples with effective stress to the compaction calculated from the changes in volume of plugs given above. 
We assumed that no change occurred in the initial porosity of samples (Table 3.5) at an initial effective stress of 
0.01 MPa. The final effective stress was taken to be 8 MPa because though petroleum generation may raise pore 
fluid pressure, expulsion efficiencies that reached 96.2 % in PS suggested that no significant pore fluid pressure 
build-up due to generation occurred.  The relation between initial (0.01 MPa) and post-deformation (8 MPa) 
effective stresses and corresponding initial and post-deformation void ratios (Table 3.5) is shown in Fig. 3.14. 
The void ratio change in samples showed both positive (H) and negative gradients (PS, PN, T, C and M). This 
variation demonstrated that the void ratio change similar to porosity change unlike axial strain is not a measure 
of compaction.  This is because 1.56 % to 6.36 % (Table 3.5) porosity was created due to conversion of kerogen 
to petroleum in the samples.  
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 Fig.3.14: Void ratio change of samples as a function of effective stress showing that porosity may increase as  
 compaction proceeds due to generation and expulsion of petroleum in organic matter-rich mudstones 
 
The limitation of void ratio change as a measure of compaction was clearly demonstrated by the evolution of 
samples C and M along the same paths in Fig.3.14 despite the contrast in compaction of the samples given in 
Table 5.  The compressibility (Cc) that represents the compaction due to a change in effective stress for sample H 
calculated from equation (3.5) was 0.05. Because equation (3.5) does not account for increase in porosity during 
compaction, Cc for other samples were determined using equation (3.2). Values ranged from 0.001 in PN to 
0.064 in M (Table 3.5) with a strong correlation to axial strain. The higher compressibility of M relative to H that 
showed the highest axial strain amongst samples was due to shrinkage that exacerbated its compaction. The 
compressibility values of samples are lower than those for clays (> 0.1) given by Burland (1990) but closer to 
values of 0.01 to 0.22 for lithified and unlithified shales from the North Sea and other areas summarised in 
Nygård et al. (2004).  
 
Samples compacted from 0.68 % to 51.4 % at the assumed maximum effective stress of 8 MPa that is below 
their estimated pre-consolidation stresses (5.3 – 70 MPa). This showed that temperature plays a dominant role 
during compaction compared to effective stress. Therefore, even when mudstones are uplifted, during subsequent 
re-burial, compaction would proceed once a threshold temperature for transformation of their matrix components 
is reached without necessarily being subjected to effective stresses beyond the pre-consolidation stress. This 
dominant role of temperature was supported further by the strain at constant stress of samples in the presence of 
temperature up to 310°C. The strain data revealed that even without increase in effective stress, creep in 
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mudstones may be very common in the presence of temperature especially when rich in organic matter. Though 
shrinkage due to dehydration is unlikely in nature, the relation between axial strain and compaction suggests that 
smectite-rich mudstones may experience about 10-20 % axial strain during burial because of dehydration of 
smectite. Nygård et al. (2004) showed that even when subjected to a laboratory effective stress up to 150 MPa, 
remoulded samples of the Kimmeridge clay could not attain the void ratio of natural samples that had undergone 
chemical compaction. The current results therefore demonstrate that studies dealing with compaction without 
accounting for the role of temperature are of limited utility for organic matter-rich mudstones.  
 
The increase in porosity of samples after the experiments indicates that organic matter conversion and expulsion 
is one process that accounts for high porosity in deeply buried mudstones in sedimentary basins. The high 
porosity was not the result of overpressure from numerous overpressure-generating mechanisms and did not 
retard compaction as stated by Harold et al. (1999). Nordgård Bolås et al. (2004) showed that high pore fluid 
pressure was not related to high porosity as conventionally attributed based on the relation between porosity and 
effective stress in mudstones. Compaction rather proceeds with the preservation of created porosity depending 
on organic matter volume, transformation ratio, expulsion state, types of minerals and matrix strength. High 
mineral content (> 50 % volume) with carbonate and quartz cement would result in low compaction but better 
preservation of temperature created porosity.  Higher porosity of mudstones buried below 2 km compared to 
those of overlying sediments has been reported for example from mudstones in the North Sea (Broichhausen et 
al., 2005). Schneider et al. (1996) concluded that porosity evolution during compaction in sedimentary basins 
depended on temperature rather than effective stress. Aplin et al. (2004) further indicated that mudstone 
compaction depended on their composition and temperature history consistent with our experimental results. 
 
3.5.6 Implications for oil shale exploitation 
The organic matter of oil shales is rich in the liptinite maceral group that is the main precursor of petroleum. 
Exploitation of such shales as a source of oil has been going on for centuries. This exploitation involves both 
heating (retorting) of mined shale at the surface or in situ. Research on oil shale peaked in the 1970s and 1980s.  
During this period many variants of retorting processes were developed (Tissot and Welte, 1984; Chong and 
Smith, 1984). Surface retorting usually involves heating of crushed shale in retorts at 500°C or above while in 
situ retorting involves uncontrolled firing of shale formations. These approaches have never been able to 
compete with the petroleum industry because of several reasons including: 
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i) Low conversion of organic matter commonly around 30 % because the high temperature uncontrolled heating  
    favours coke formation rather than oil formation. 
ii) Fine dust production in surface retorting due to the heating process. 
iii)  Spent shale disposal problems due to large volumes of spent shale after surface retorting. 
iv)  Greenhouse gas production from organic matter and carbonate decomposition. 
v)  Water pollution from disposal of process water used in surface retorts.  
 
Estimates of recoverable oil from oil shale surpass that of known petroleum accumulations (Dyni, 2003; 
Brendow, 2003). Given the current uncertainties in the future of petroleum, developing methods that address the 
problems highlighted above may allow oil shale to provide a suitable supplement of oil to petroleum. Because of 
the fact that retorting is a high temperature process, the experiments conducted in this study are useful for 
technology aimed at shale oil production. In situ retorting is preferable because it eliminates problems such as 
spent shale disposal, fine dust production and water pollution. However, because some oil shale deposits are at 
the surface or covered by thin overburden, surface retorting remains the best avenue for their exploitation. 
 
The petroleum generation index of the samples studied ranged from 4.6% in T to 55.8 % in PS (Fig.3.15). 
Analysis of their residual organic matter showed that, the generation potential of the samples was not exhausted. 
This contrasts with many retorting processes where only about 30 % of the organic matter is converted to oil and 
the residual organic matter discarded as spent shale. The petroleum generation indices were rather limited by the 
duration of the experiments. Therefore, controlled low rate heating to final retorting temperature (e.g. 0.2 
°C/min), longer retorting duration (10-12 days for PS, PN, C, H and M and 125 days for T) and lower final 
retorting temperature (e.g. 350°C) may optimise conversion and improve the economics of oil yield. The 
problem for in situ retorting will be how to raise the oil shale to retorting temperatures by controlled heating. 
Shell Oil suggests this is possible at an economic cost using electric heaters (Bartis et al., 2005).  
 
Experiments conducted from room temperature to 310 °C using a heating rate of 1°C/min were associated with 
abundant fine dust production from samples. Heating samples up to 350 °C at 0.2 °C did not produce dust. The 
heating rate therefore appears to be a controlling factor for dust production during retorting. Therefore, low rate 
heating to final retorting temperature may be useful in minimising dust production associated with uncontrolled 
heating currently applied during surface retorting. Limiting the final retorting temperature to about 350°C is also 
a means of reducing green house gas production especially from carbonate minerals during retorting. This is 
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because, even in the presence of water, most carbonate minerals would not decompose below 450°C (Patterson, 
1993) as long as no acidity is produced. 
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Fig.3.15: Relationship between the petroleum generation index (PGI) and petroleum expulsion efficiency (PEE) 
for six oil shales. The strong correlation between these parameters suggests that artificial fracturing by 
explosives may not be required for in situ exploitation 
 
Fig.3.15 indicates that, during in situ retorting, expulsion of generated oil and gas may be very efficient. The 
crucial issue here is recovery of the generated oil and gas.  Some oil shales such as those in the U.S have low 
porosities. Artificial fracturing using explosives was employed in the past with the aim of creating permeability 
for production of shales oil. The expulsion efficiency of samples studied showed no correlation to their porosity 
(7.6 – 20.1 %). Rather than the creation of room and pillar mines that would involve danger due to the adverse 
reduction of oil shale strength due to temperature, suitable location of recovery wells with access to the surface 
within the oil shale formations may lead to recovery of most of the oil generated. 
 
The strain data of the oil shales studied both at constant stress and low dynamic stress (Figs. 3.6 and 3.8) 
suggests that similar responses would characterise in situ exploitation. Several factors including the overburden 
thickness, the organic matter content, the hydrous mineral content and initial porosity will determine the 
magnitude of axial strain during exploitation. Exploitation of oil shales such as PN may result in strata of higher 
permeability after exploitation as shown by porosity data of samples after heating up to 350°C. On the other 
hand, oil shales such as M and H may experience axial strain that would be reflected by subsidence at the 
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surface. In areas where both in situ and surface retorting are involved, the change in landscape morphology due 
to subsidence may be useful for disposal of spent shale from surface retorting. How this subsidence would affect 
the access to recovery wells of migrating oil will have to be tested in the field.  
 
3.6 Summary and Conclusions 
 
 
Six Permian to Miocene organic matter-rich mudstones (PS, PN, H, T, C, & M) were studied by unconfined 
compression tests under three different thermo-mechanical regimes. The objectives of this study were to evaluate 
the relative contribution of various factors to deformation in order to highlight their significance to mudstone 
compaction and exploitation of oil shales. Axial loading (5.3 -70 MPa) at room temperature resulted in axial 
strain from 1.9 % for PN to 23 % for T.  Constant stress (31-42 MPa) and temperatures up to 310 °C led to axial 
strain from 12 % for PS to 79 % for H. Low stress (0-8 MPa) with simultaneous heating up to 350 °C led to axial 
strain from 1.38 % in PN to 40 % in H.  
Axial strain data under the three thermo-mechanical conditions demonstrated that effective stress was secondary 
to temperature in controlling deformation. High strain (>10%) upon high temperature was more prominent in 
samples with more than 20 wt % organic matter such as H, T, M. At room temperature, strength was not related 
to differences in the fraction of minerals, but high organic matter contents favoured ductile behaviour. Samples 
that contained more than 50 % minerals by volume (PS, PN, and C) exhibited low strains at high temperatures. 
Mineral grain re-arrangement during compaction was not systematic but controlled by grain morphology. 
Prominent axial strain (~20 %) of sample M in the 94 to 150°C interval was attributed to dehydration of 
smectite. Decomposition of other minerals as revealed by mass balance of pre- and post-deformation samples 
had no apparent effect on strain. Lower strain of T at high temperature compared to H and M was due to higher 
thermal stability of its organic matter (Tmax = 451°C) compared to the other samples (Tmax = 424°C to 432°C). 
This difference in organic matter type was consistent with estimates of organic matter transformation that ranged 
from 4.6 % in T to 55.8 % in PS.  
Vitrinite reflectance values changed from 0.19 % for T to 0.52 %Rr for PS during the thermal compaction 
experiments to 0.58 % for T to 0.8 %Rr for PN. This fact indicates that the experiments are relevant for 
compaction up to about 120°C in nature. Comparison of the degree of compaction of the samples (0.68 % for PN 
to 51.4 % for M) to axial strain (1.38% for PN to 40 % for H) showed that reduction in sample thickness is a 
good measure of compaction. However, this process remains to be studied for further types of mudstones under 
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thermo-mechanical conditions. Interpretation of thickness evolution of mudstones must also consider the effects 
of early cementation. Void ratio and porosity change were both found to be of limited use as measures of 
compaction in organic matter-rich mudstones. This is because organic matter decomposition is one source of 
porosity generation that may increase porosity under thermo-mechanical transformation conditions. The solid 
volume loss due to kerogen transformation ranged from 2.55 for T to 12.1 % for M, while the concurrent 
porosity increase amounted from 1.56 % (sample PS) to 6.36 % (sample PN). This is consistent with elevated 
porosity in some deeply buried mudstones. The dehydration of smectite showed that this process may be related 
to high axial strain even in nature. Compaction under low stress compared to estimated pre-consolidation 
stresses showed that effective stress was not a limitation to compaction once temperature for transformation of 
matrix components was reached. Mudstones with high contents of labile organic matter may experience creation 
of high porosity at depth but the preservation of this porosity is better for low organic matter samples because of 
higher strength of their matrix. In order to enhance yield in oil shale exploitation, low rate heating, low 
temperature and longer heating durations are proposed. These may also be advantageous in reducing the 
emission of CO2 and dust from surface retorts. In situ retorting would lead to deposit-specific landscape 
subsidence or porosity elevation depending on organic matter content, overburden thickness, porosity and 
hydrous mineral content.  
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4. Evolution of petrophysical properties of oil shales during high-temperature compaction tests: 
implications for petroleum expulsion 
 
 
4.1 Abstract  
  
The transport properties of Permian to Miocene oil shales (Torbanite, Posidonia, Messel, Himmetoglu & 
Condor) were studied using petrophysical and geochemical techniques. The aims of this study were to assess 
intergranular permeability of oil shales, evaluate the evolution of porosity, specific surface area and intergranular 
permeability during high temperature compaction tests and to verify the suitability of integranular permeability 
for petroleum expulsion. Measured permeability coefficients for two samples were 0.72·10-21 m² for the Eocene 
Messel shale and 2.63·10-21 m² for the Lower Jurassic Posidonia shale from S. Germany, respectively. BET 
specific surface areas of the original samples ranged from 0.7 to 10.6 m²/g and decreased after compaction with 
values from 0.3 to 3.7m²/g. Initial porosity values ranged from 7.6 to 20.1 % for pre-deformation and from 9.99 
to 20.7 % for post-deformation samples. Porosity increased during compaction due to petroleum generation. 
Permeability coefficients estimated according to the Kozeny–Carman equation varied from 6.97·10-24 m² to 
5.22·10-21 m² for pre-deformation and from 0.2·10-21 m² to 4.8·10-21 m² for post-deformation samples reflecting 
the evolution of their porosity and BET specific surface areas. Measured and calculated permeability were 
similar for the Messel shale whereas calculated permeability was two orders of magnitude lower for the 
Posidonia shale from S. Germany.  
 
Petroleum expulsion efficiencies after compaction tests ranged from 38.6% for the Torbanite to 96.2% for the 
Posidonia shale from S. Germany. These efficiencies showed strong positive correlation with the petroleum 
generation index (R²=0.91) and subordinate correlation with porosity (R²=0.46), average pore diameters 
(R²=0.22), and compaction (R²=0.02). Minimum pore-system saturations for petroleum expulsion during the 
experiments ranged from 12% for the Torbanite to 31% for the Posidonia shale from N. Germany. Pore-system 
saturation determines whether expulsion occurs mainly through matrix or fracture permeability. For samples 
with saturation levels above 20 %, fracture permeability dominated during the experiments. Evidence based on 
the measured permeability coefficients, expulsion flow rates, consideration of capillary displacement during 
generation-related pore invasion and the existence of transport porosity suggests that fracture permeability is the 
principal avenue of petroleum expulsion from source rocks. This conclusion is supported by microscopic 
observations. 
Keywords: mudstone permeability, petroleum generation index, petroleum expulsion efficiency, oil flow rate 
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4.2 Introduction 
 
Petroleum expulsion involves the movement of oil and gas generated in source rocks to non source rock beds 
where it occasionally forms commercial accumulations. It has been investigated intensely with the aim of 
understanding its driving force and mechanisms by several authors (e.g. Athy, 1930, Jones, 1981, Du Rouchet, 
1981, Düppenbecker, 1992). It is now firmly established based on the low aqueous solubility of petroleum 
compounds excluding benzene and methane that it occurs by bulk flow as a separate phase from water in source 
rocks (Vandenbroucke, 1993, Hunt, 1996; Mann et al., 1997). The ability of a rock to transmit fluids including 
petroleum is characterised by its permeability. Permeability may be broadly partitioned into intergranular and 
fracture types. Intergranular permeability accounts for fluid flow through the interconnected pore space of 
mineral grains while fracture permeability consists of flow through conduits that cut across mineral grains.  
 
Intergranular permeability is commonly evaluated in fine-grained rocks by assuming the interconnected pores 
may be considered as a series of capillaries (Washburn, 1921). The integranular permeability coefficient (k) is 
determined for single-phase flow by the Darcy equation written as: 
 k = (Q/A·η )/(dP/dx)                                                                                                                                           (4.1)  
where k is the permeability (m²), Q/A is the flux (or Darcy velocity) (m/s), η is the dynamic viscosity (Pa·s) and 
dP/dx is the pressure gradient (Pa/m). This equation is extended to multiphase flow to incorporate petroleum 
expulsion (Ungerer et al., 1990; Vandenbroucke, 1993; Mann et al., 1997) assuming that pore volume is constant 
and petroleum generated flows into water-saturated pores once capillary pressures are surpassed.  Measurements 
from field and laboratory data suggest that fine-grained rocks including petroleum source rocks have low 
permeability ranging from 10-18 to 10-24 m²  (Jones, 1981; Sandvik and Mercer, 1990; Deming, 1994; Nygard et 
al., 2004).  
 
Porosity and its evolution with burial is commonly correlated to intergranular permeability in numerical basin 
models (Aplin and Vasseur, 1998; Nygard et al., 2004). Porosity in fine-grained rocks shows tremendous 
variations with depth as shown by data from several areas summarised in Yalcin et al. (1997). These variations 
are partly attributed to chemical processes such as solution, cementation, and mineral transformation (Bjorlykke 
and Hoeg, 1997; Broichhausen et al., 2005) as well as conversion of organic matter to oil and gas. These 
chemical processes result in less well understood variations in porosity during sedimentary basin evolution. Due 
to these variations, at the same porosity fine-grained rocks show intergranular permeability that varies by several 
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orders of magnitude. Therefore, in addition to porosity, intergranular permeability is suggested to be dependent 
on specific surface area, mineralogy and microstructure (Bolton et al., 2000; Djéran-Maigre et al., 1998; Yang 
and Aplin, 1998; Dewhurst et al., 2002).  
 
Because increasing burial of fine-grained rocks is commonly accompanied by porosity reduction, some authors 
suggest that fractures account for most of the net permeability that enables fluid flow in the subsurface 
(Holbrook, 1999) including petroleum expulsion (Berg and Gangi, 1999). Fracture permeability is effective 
when interconnected (Dewhurst et al., 2002) and depending on their orientation in response to stress may result 
in anisotropy of permeability (Bolton et al., 2000). Absence of open fractures in subsiding basins may result 
from closure due to creep and cementation (Bjorlykke and Hoeg, 1997) but evidence for petroleum expulsion 
through fractures has been given in many field studies (Littke et al., 1988; Jochum et al., 1995; Parnell et al., 
2000; Lash and Engeldar, 2005). Both intergranular and fracture permeability have therefore been employed by 
various studies for understanding petroleum expulsion (Du Rouchet, 1981; Düppenbecker, 1992).   
 
Despite reports of expulsion by intergranular or fracture permeability, little experimental data exists that directly 
evaluates petroleum expulsion from compacting source rocks. Furthermore, few studies measure evolution of 
petrophysical properties of source rocks during petroleum generation and expulsion. This is because field data is 
usually gathered long after various processes occurred and source rocks have been modified several times. On 
the other hand experiments that simulate petroleum generation (catagenesis) usually employ crushed rocks or 
chips of poorly defined dimensions. Evidently, these types of experiments do not furnish any information on the 
petrophysical properties and the fluid transport network (Larfargue et al., 1990; Inan et al., 1998) as well as their 
evolution during petroleum generation and expulsion. Experimental studies dealing with fluid flow that employ 
plugs of fine-grained rocks are usually restricted to temperatures below that for petroleum generation at the 
laboratory scale. These studies ignore alterations of petrophysical properties due to temperature. In the present 
study, cylindrical sample plugs subjected to constant axial as well as confining pressures of 32 MPa and 
temperatures ranging from 50-250°C were used to evaluate the intergranular permeability of some oil shales. 
Separate plugs were subjected to maximum axial stress of 8 MPa and temperatures up to 350°C. After the 
compaction experiments up to 350°C, samples were characterised by petrophysical and geochemical analyses 
and systematically compared with the corresponding pre-deformation samples. The aims of this study were: 
 i) to assess the intergranular transport potential of organic matter-rich mudstones 
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ii) to evaluate the impact of compaction on specific surface area, porosity and integranular permeability,     
                  and  
iii) to verify the suitability of intergranular relative to fracture permeability for petroleum expulsion.  
These findings provide additional insight into petroleum expulsion from source rocks that may be exploited for 
basin modelling.  
4.3 Materials and methods 
4.3.1 Samples 
 
Laboratory tests to evaluate transport properties and their evolution due to compaction were conducted using 
samples of four lacustrine (Messel (M), Torbanite (T), Condor (C), Himmetoglu (H)) and two shallow marine 
(Posidonia from S (PS) and N Germany (PN) oil shales.  Details on geochemistry, petrology and rock 
mechanical characteristics of the samples studied are reported in Eseme et al. (in press). A summary of some of 
the parameters relevant to fluid transport for various samples is given in Table 1. Samples ranged in age from 
Permian (T) to Eocene (M) age. Hand specimens exhibited micro-laminated (PS, PN, C) to massive (T) textures. 
Their unconfined strengths at room temperature varied from very weak in M (5.3 MPa) to medium in PN (70 
MPa). Carbonate contents varied from 1.5 to 7.7 wt % for the lacustrine oil shales and 23 to 24 wt % for the 
shallow marine oil shales. Carbonate minerals consisted mainly of calcite except for M, which was dominated by  
 
Table 4.1 Summary of strength and geochemical data of samples studied 
 
 
 
 
 
 
 
 
 
 
dolomite and C where carbonates were composed mainly of siderite. The principal clay mineral in the samples 
was kaolinite except for H dominated by illite and M that was dominated by illite and smectite. These clay 
Samples 
and symbols 
Age dep env Carbonate 
Content 
(wt %) 
Organic 
carbon 
content (wt 
%) 
Principal 
clay 
mineral 
Unconfined 
strength 
(MPa) 
Posidonia 
(PS) 
Lower 
Jurassic 
24 9.66 kaolinite 63 
Posidonia 
(PN) 
Lower 
Jurassic 
 
shallow 
marine 23 12.07 kaolinite 70 
Himmetoglu 
(H) 
Oligocene 2.2 31.3 illite 57.7 
Torbanite 
(T) 
Permian 1.5 51.3 kaolinite 49 
Condor  
(C) 
Miocene 5 12.68 kaolinite 47 
Messel 
(M) 
Eocene 
 
 
 
lacustrine 
7.7 20.3 iliite-
smectite 
5.3 
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minerals were apparent as sheets except in T where they occurred as aggregates. Microstructurally all samples 
showed silt and fine sand particles with the finest-grained matrix observed in C.  
4.3.2 Permeability tests 
Figure 1 summarises the principal methods used in this study. Permeability tests were conducted in a material-
testing device equipped with a flow cell for triaxial loading with simultaneous heating up to 350°C. Hildenbrand 
et al. (2002) describes the components of the flow cell and its operation for permeability tests. A steady-state 
flow method was used with water as the permeating fluid. Cylindrical sample plugs between 8 and 20 mm 
thicknesses with diameters from 27 to 28.5 mm were sandwiched by two stainless steel porous disks as flow 
diverters and placed between steel pistons. The sample arrangement was wrapped in 0.15 mm thick lead foil and 
placed in a thin-walled (0.25 mm) copper tube. The piston arrangement was then sealed on both sides in the flow 
cell using graphite rings that withstand temperatures beyond 350°C.  
 
 
Fig.4.1: Schematic representation of various methods used for petrophysical and geochemical characterization of 
transport properties and their evolution during compaction for oil shales studied.  
 
Each piston was equipped with two channels for fluid introduction and retrieval connected through 1/16” 
stainless steel flow pipes. One channel emerging from the lower piston was connected to a graduated 10mL 
burette (0.01mL accuracy) that was used to record volume flow through samples. The second channel on this 
piston was connected to a shut-off valve used to control the initial volume of water in the burette. The two 
channels on the other piston were connected to high pressure pumps (50 MPa) used to apply and control the fluid 
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and confining pressures of the system. Axial load and confining pressure were simultaneously raised from 0 to 
32 MPa at the start of each test.  
 
Prior to the onset of each test the sample was water-saturated using the fluid pressure pump. Water flow through 
samples was monitored over 24 hours to ensure saturation and constant flow. At the start of the tests at confining 
and axial pressures of 32 MPa, fluid pressures between 10 and 15 MPa were applied to simulate effective 
stresses in nature. This arrangement equally prevented hydraulic fracturing and seal failure. Subsequent changes 
in the volume of water in the burette provided the basis for the determination of absolute permeability using 
Darcy’s law for single-phase flow (eq.4.1). Volume recordings were taken regularly. Permeability values 
determined were averaged over 24 to 72 hours in the temperature interval from 50 to 250°C at 50°C temperature 
increments. Pressure gradients were monitored using pressure transducers with a maximum offset of 0.07 MPa. 
For permeability measurements above 100°C a backpressure valve was installed at the outlet to the burette in 
order to keep the fluid pressure above the vapour pressure of the water. Tests lasted between 5 and 16 days and 
acquisition of pressure and temperature data was achieved using the Test Point software.   
4.3.3 High temperature deformation 
 
Uniaxial unconfined compressive loading experiments have been reported previously (Eseme et al., in press). In 
the present set of experiments the deformation of the sample plugs resulting from the combined effects of 
loading and controlled heating was analysed. The temperature within the flow cell was monitored using a 
thermocouple. The programmed thermo-mechanical deformation tests were conducted in the following sequence 
of steps: 
1. heating from 32°C to 320°C at a heating rate of 0.2°C/min with simultaneous change in axial load from 
0 to 1.6 MPa 
2. 24 hours isothermal conditions at 320°C with axial load increase from 1.6 to 3.2 MPa 
3.  heating to 330°C at 0.2°C/min  
4. 24 hours isothermal conditions at 330°C with axial load increase from 3.2 to 4.8 MPa 
5. heating to 340°C at 0.2°C/min  
6. 24 hours isothermal conditions at 340°C with axial load increase from 4.8 to 6.4MPa 
7. heating  to 350°C at 0.2°C/min  
8. 24 hours isothermal conditions at 350°C with axial load increase from 6.4 -8 MPa.  
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4.3.4 Specific surface area from Nitrogen gas sorption (BET SSA) 
 
The specific surface areas of pre- and post-deformation samples were determined using a Micrometrics V 600 
surface area analyser. Sample chips with masses from 0.5 to 1g were dried at 105°C for 24 hours followed by 
degassing at 50°C for 5 hours to 3 days to minimise structural changes in minerals. The sample holder had a 
diameter of 9.5mm and sorption measurements were performed at -196°C (77K) with N2 as the adsorbate gas. 
The amount of gas adsorbed (Vads) at pressure representing the ratio of applied (P) to atmospheric pressure  (Po) 
commonly referred to as relative pressure (P/Po) from 0.05 to 0.34 allowed determination of specific surface 
areas from the BET equation given as: 
00
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⎛ −⋅
                                     (4.2) 
where Vm is the molar volume equivalent for monolayer adsorption and C is a constant related to the energetics 
of gas adsorption. Vm and C are determined from the slope and intercept by plotting the left hand side of equation 
(2) versus the relative pressure.  
 
4.3.5 Mercury injection porosimetry (MIP) 
 
Mercury injection was performed on sub-rectangular chips of pre- and post-deformation oil shale samples (0.5 
and 6.5 g) in order to determine the bulk porosity of the samples and their pore size distributions. Measurements 
were performed on a Micrometrics Autopore IV 9500 Mercury Porosimeter. Mercury pressure was increased 
continuously from 0.013 to 414 MPa (2 to 61000 psi). From the recorded intrusion volume and applied pressure 
data the pore size distribution of various samples was derived assuming cylindrical pores and using the equation 
from Washburn (1921) given as: 
D
P θγ cos4 ⋅⋅=                          (4.3) 
with an interfacial tension (γ) value of 485 dynes/cm (0.485 N/m) and a mercury/air contact angle (θ) of 130°. 
The intrusion volume data was used to determine an average pore diameter (Dav). The specific surface area (MIP 
SSA) was computed assuming all pores were cylindrical capillaries from the relation  
A=4V/Dav                                                                                                                                                             (4.4) 
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where Dav is the average pore diameter and V is the specific intrusion volume. The median pore diameters 
correspond to the 50th percentile value obtained from the cumulative intrusion volume and specific surface area 
versus pore size curves.   
4.3.6 Rock-Eval pyrolysis and optical petrology 
 
Rock-Eval pyrolysis was conducted following Espitalie et al. (1977) in order to assess petroleum generation and 
expulsion from sample plugs by comparing with measured parameters in pre-deformation samples. Weight loss 
from sample plugs was coupled to organic matter loss determined from the mass balance using Rock-Eval 
pyrolysis to separate weight loss due to minerals from that due to organic matter during experiments. Light 
microscopy was used to assess maturity using vitrinite reflectance and change in fluorescence colour of organic 
matter particles using procedures described in detail in Taylor et al. (1998). Scanning electron microscopy 
(secondary electron mode) was used to study transport avenues and their relation in the rock matrix for pre- and 
post-deformation samples. 
4.4 Results and Discussion 
 
Before considering the intergranular permeability and its evolution due to compaction, the petrophysical 
properties porosity and specific surface area will be discussed. Both properties are related to the structure of the 
connected pore space and thus control permeability. Because compaction results in volume loss of sediments, 
both, porosity and specific surface area would be expected to decrease with compaction.  
4.4.1 Effect of compaction on porosity and specific surface area from mercury injection porosimetry  
                                                                                       (MIP) 
 
Table 4.2 shows porosity data and related parameters including average and median pore size as well as specific 
surface areas determined by MIP. Porosity values of the original oil shales ranged from 7.6% for T to 20.13% for 
H. The porosity values can be subdivided into two groups. Those above 10 % are characteristic of source rocks 
before catagenesis (Leythaueser et al., 1988) and those between 5-10 % typical of source rocks in the oil window  
(Hunt, 1996). In post-deformation samples (denoted by subscript “e” after the initials representing samples) 
porosity ranged  from 9.99 % for Te to 20.72 % for Me. Except for H the high-temperature compaction tests 
resulted in an increase in porosity due to transformation of organic matter into bitumen accompanied by 
expulsion. The increase in porosity ranged from 12.5 % of the initial value in PS to 31.4 % in T. This increase  
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Table 4.2 Petrophysical properties of oil shales from N2 sorption and mercury injection porsimetry (MIP) 
 
Median pore D (V) – median pore diameter from specific pore volumes of rocks determined by mercury 
injection porosimetry (MIP) 
 
Median pore D (A) – median pore D from specific pore areas (MIP SSA) determined by mercury injection 
porosimetry 
 
depends on several factors including the matrix strength of the rock, the quantity of organic matter transformed, 
the original porosity as well as the type of organic matter and minerals.   
 
Samples M and C had similar porosities in their original state and after deformation (Me and Ce) despite 
differences in their unconfined compressive strengths, organic carbon content and mineralogy. Differences are, 
however, apparent when the pore size distribution curves (Figs. 4.2a-f) are closely examined. All samples 
showed bi-modal pore size distributions demonstrated by peaks at 7.2 nm and 13.7 nm for PN to 7.2 nm and 40.3 
nm for H characteristic of heterogeneous mudstones (Bolton et al., 2000). Samples were also characterised by 
low-pressure intrusion of mercury termed conformance (Dewhurst et al., 2002).  
Sample BET SSA 
(m²/g) 
Porosity (%) MIP SSA 
(m²/g) 
Av pore 
D(nm) 
median 
pore (V) D 
(nm) 
median 
pore (A) D 
(nm) 
PS 4.26 12.53 16.03 15.2 20.9 8.7 
 
PSe 1.13 14.09 25.14 12.1 19.8 6.9 
 
PN 4.28 8.14 21.49 7.2 8 5.3 
 
H 0.71 20.13 34.64 18.1 38.5 7.6 
 
He 0.31 12.1 27.5 21.1 26.2 4.9 
 
T nd 7.6 30.18 8.6 10.5 4.9 
 
Te nd 9.99 37.82 9.4 12.4 4.8 
 
C 10.55 16.2 35.47 9.8 11.8 7.8 
 
Ce 3.72 20.63 44.7 10.6 12.6 8.7 
 
M 1.29 16.19 44.89 9.3 10.3 5.3 
 
Me 2.18 20.72 51.94 10.4 13.5 5.4 
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Fig.4.2 (a-f): Intrusion volumes versus pore size distribution curves for various pairs of pre- (closed diamonds) 
and post- (open diamonds) deformation oil shales in a) PS and PSe, b) PN, c) H and He, d) T and Te, e) C and 
Ce and f) M and Me showing dominance of mesopores in both pre and post-deformation samples. Macropores in 
post-deformation samples are attributed to micro-fractures from petroleum generation. 
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 It is reflected in the pore size distribution curves (Figs.4.2 a-f) and attributed to lamination and micro-fractures. 
The intrusion curves of samples M and C have maxima between 3-10 nm and 6-30 nm, respectively, while the 
pore-size distribution of sample H is dominated by pores between 20-200 nm (Fig. 4.2c). The changes in 
porosity between pre- and post-deformation samples are apparent when their respective pore size distribution 
curves are stacked. In H and He the porosity decrease is apparent in the pore size distribution region between 20 
and 200 nm. The increase in porosity in the other sample pairs is evident from the higher relative volumes of 
intruded Hg for post-deformation samples within the range of 2-50 nm. Intrusion at larger pore diameters as 
apparent in He, Te and Me is attributed to microfracturing due to petroleum generation. It is less apparent in PSe 
and Ce.  
 
The average pore diameter ranged from 7.2 nm in PN to 21.1 nm in He. The average pore diameter decreased in 
PSe despite the increase in porosity and increased in He despite the reduction of porosity. All samples showed 
differences in median pore diameters from specific surface areas (MIP SSA) and specific intrusion volumes 
(Table 4.2). The differences between the median pore diameters from MIP SSA and specific intrusion volumes 
differ, because the smaller pores contribute more to the SSA than larger pores for a given increment in Hg 
imbibition volume (Tanguay and Friedman, 2001). The pore size distribution of samples based on the 
classification given in Mann et al. (1997) is shown in Fig. 4.3. All samples were dominated by mesopores (2-50 
nm) ranging from 57.6 % for H to 94 % of pores for C and this dominance was still characteristic of post-
deformation samples.  
0
20
40
60
80
100
PS PSe PN H He T Te C Ce M Me
sample 
Po
re
 s
iz
e 
%
>50nm
3-50nm
2-20nm
 
 Fig.4.3: Bar charts showing relative contribution of macro- (> 50 nm) and mesoporosity (2-50 nm) in pre- and    
               post -deformation oil shales samples. 
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The MIP SSA of samples ranged from 16.03 m²/g in PS to 44.89 m²/g in M and 25.14 m²/g in PSe to 51.94 m²/g 
in Me (Table 4.2) which is consistent with an increase in porosity of samples after compaction. The compaction 
experiments resulted in a 15.7 % increase of MIP SSA from M to Me whereas an increase by 26.02 % was 
observed for sample C. PSe relative to PS showed the largest increase in specific surface area (56.8 %) while He 
lost 20.61 % relative to H. The changes in porosity as well as MIP SSA from the pre- to post-deformation 
samples (Table 4.2) confirms that for samples of similar composition, organic carbon content and porosity would 
show an inverse relation. Porosity change with increasing burial therefore depends on rock composition that 
controls strength with increasing temperature. High labile organic matter content favours larger increase in 
porosity due to petroleum generation whereas higher strength favours better preservation of the created porosity 
in response to mechanical load during compaction. 
4.4.2 Effect of compaction on BET specific surface area (BET SSA) 
 
The specific surface area represents the amount of interconnected pore space and is therefore considered as one 
of the principal factors affecting the intergranular permeability of soils and sedimentary rocks (Schlömer and 
Krooss, 1997, Santamarina et al., 2002). It is commonly determined from nitrogen gas sorption data analysed 
using the BET equation. The N2 adsorption curves used in determination of BET specific surface areas (BET 
SSA) of pre- and post-deformation oil shale samples are shown in Fig. 4.4 (a-d). Sample material of PNe was not 
sufficient for measurements whereas T and Te yielded no adsorption curves despite several experiments. 
Noteworthy on these curves is the close similarity of PS and PN (Fig. 4.4a). Sample H and He showed an 
exponential deviation from the theoretical straight line above a relative pressure of 0.25 (Fig. 4.4b) while M 
plotted below Me (Fig.4.4d) opposite to other sample pairs (Fig. 4.4a-c). Table 4.2 shows the BET SSA 
determined from equation (4.2) from multiple points in pre- and post-deformation samples of the oil shales 
(Figs.4.4a-d).  
 
BET SSA of pre-deformation samples ranged from 0.71 for H to 10.55 m²/g for C while post-deformation 
samples had values from 0.31 for He to 3.72 m²/g for Ce. These values are lower than those from MIP SSA 
(16.03 to 51.94 m²/g) given in Table 4.2. The BET SSA values are also lower compared to those determined by 
the same method for some clays studied by Djéran-Maigre et al. (1998). This is consistent with the presence of 
silt- to sand-sized particles in these samples (Eseme et al., in press). BET SSAs similar to those of the oil shales 
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studied have been reported for other mudstones as well as coals (Schlömer and Krooss, 1997; Yang and Aplin, 
1998; Prinz et al., 2004).  
 
The specific surface area of sedimentary rocks depends on grain size as well as shape (Santamarina et al., 2002). 
Sediments dominated by clay-sized particles are expected to have high specific surface areas averaging at  
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 Fig.4.4 (a-d): Nitrogen adsorption curves used for determination of BET specific surface area for pre- and post- 
deformation oil shale samples. a) PS, PN and PSe, b) H and He, c) C and Ce, d) M and Me. 
 
100m²/g (Ransom et al., 1998). The grain-size dependence of BET SSA was supported by qualitative grain size 
analysis from electron microscopy. The samples C and Ce had the finest-grained texture amongst the oil shales. 
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The difference between the BET specific surface areas of the oil shales (< 11m²/g) and the average (100m²/g) 
from Ransom et al. (1998) for clay-dominated sediments indicates that other factors affect this parameter in 
addition to grain size.  
 
Mayer et al. (2004) suggested that pores of 2-50 nm diameter, classified as mesoporosity (Mann et al., 1997), 
account for most of the BET SSA. This is in line with the BET SSA versus mesoporosity percent plot shown in 
Figure 4.5 where H and He consisting of 57.6 and 57.2 % mesopores, respectively, showed the lowest specific 
surface areas. Sample T had higher mesoporosity than PS, H and M (Fig.4.3) but did not yield any BET SSA 
values. In addition to its high mesoporosity, its MIP SSA also increased by 25.3% from T to Te (Table 4.2). 
Therefore, the absence of measurable BET SSA in T and Te rather suggests that access to their pores was 
restricted by their high organic matter content dominated by liptinite. This organic matter type restricted access 
to mesopores that constitute specific surface area due to low pressures used during the determination of BET 
specific surface areas.  It may be argued that because of  the high organic matter content of T and Te (> 50 wt % 
TOC), MIP records but the compressibility of their organic matter rather porosity. If this was the case, then, 
sample T was supposed to show higher values than Te because of higher organic matter content and lesser 
compaction.  
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  Fig.4.5: Relation of mesoporosity to BET specific surface area from pre-to post-deformation samples 
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Organic matter content and specific surface area from N2 adsorption (BET) have been reported to show positive 
correlation (Ransom et al., 1998; Mayer et al., 2004). The lower BET SSA of post-deformation oil shale samples 
(Fig.4.6) could initially be considered to support this observation.  However, if high organic matter content was 
positively correlated to specific surface area, then T and Te would have yielded the highest values. Because 
separating organic matter from minerals destroys their matrix relationship, the relative contribution of organic  
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Fig.4.6: Scatter diagram showing the relation of organic carbon contents to BET specific surface area in pre- to 
post-deformation samples 
 
matter and minerals to the specific surface area remains unclear. The decrease in BET SSA rather seems to be 
related to the constriction of pore throats due to compaction that also limits access to mesopores. This effect of 
compaction could be inferred from data given by Prinz et al. (2004) where specific surface areas decreased with 
coal rank because coal rank increases with burial associated with increasing mechanical compaction.  
 
Despite an axial strain of over 35% and 33% loss of organic matter, sample Me still showed a higher specific 
surface area than the original sample M. This indicated that, in addition to grain size, organic carbon content and 
compaction already highlighted, mineralogy is another factor that influences the BET SSA values. It is likely that 
the increase in BET SSA from M to Me was due to dehydration of smectite during the programmed heating 
experiment. The water content of sedimentary rocks is characterised by three forms including free, structured 
and lattice water. Free water is lost at 105°C while structured water found in clay minerals resists dehydration up 
to 150°C. Lattice water may not escape up to 350°C. The presence of smectite in M probably caused structured 
water to remain in the sample after drying at 105°C (Santamarina et al., 2002). Upon exposure to temperatures 
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up to 350°C, dehydration of smectite occurred (Eseme et al. in press) and resulted in a higher BET SSA in Me 
(Table 4.2). Comparing the BET and MIP SSA values showed that because of the low pressure applied during 
BET SSA determination, liptinite-rich organic matter and structured water results in low BET SSA values, 
probably due to constriction and clogging of pore throats. This restriction then limits access of N2 to the small 
pores that make up SSA.  
4.4.3 Effect of compaction on intergranular permeability 
 
The intergranular permeability of samples was assessed in two ways. Two samples (PS and M) were subjected to 
steady-state permeability tests and their absolute permeability determined using the Darcy equation (eq.4.1). A 
duplicate sample of PS showed that results from the steady-state tests were reproducible. Up to a temperature of 
250°C, no significant change in permeability coefficients was observed. The measured permeability coefficients 
for PS and M were in the nanodarcy range (2.6·10-21 m² and 0.72·10-21 m², respectively). The Kozeny-Carman 
equation was also used to calculate intergranular permeability coefficients from measured porosity and BET 
specific surface area values of the samples before and after the compaction tests.  This equation is given as: 
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where S is the specific surface area (m²/g ; in this case the BET SSA), and Φ is the porosity as shown in Table 
4.2. Both measured and calculated permeability coefficients are reported in Table 4.3.  
 
Table 4.3 Measured and calculated intergranular permeability  
and related parameters in oil shales studied 
 
 
 
 
 
 
 
 
 
 
 
 
 
Porosity = volume of pores/ total volume of sample 
kkc – permeability determined from the Kozeny-Carman equation 
BET SSA = specific surface area determined by N2 gas sorption 
nd - not determined 
 
Sample Porosity  BET SSA 
(m²/g) 
kkc (m²) k measured 
(m²) 
PS 0.13 4.26 2.48E-23 2.63E-21 
PSe 0.14 1.13 5.94E-22 nd 
PN 0.08 4.28 6.97E-24 nd 
H 0.2 0.7 5.22E-21 nd 
He 0.12 0.31 4.77E-21 nd 
C 0.16 10.55 1.09E-23 nd 
Ce 0.21 3.72 2.01E-22 nd 
M 0.16 1.29 7.26E-22 7.20E-22 
Me 0.21 2.18 5.96E-22 nd 
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The calculated permeability coefficients ranged from 6.97·10-24 m² for sample PN to 5.22·10-21 m² for H for pre-
deformation samples and from 0.2·10-21 m² for Ce to 4.8·10-21 m² for He for post-deformation samples (Table 4.3).  
 
Porosity is commonly related to permeability in basin modelling. Despite the similarity in porosity of C and M 
as well as Ce, Me and H, the calculated permeability coefficients varied significantly (Table 4.3). Aplin and 
Vasseur (1998), Djéran-Maigre et al. (1998), Hildenbrand et al. (2002) all noted that even at the same porosity, 
the permeability of mudstones may vary by up to 3 orders of magnitude. The permeability calculated by the 
Kozeny-Carman equation increased or decreased following the corresponding change in porosity except in Me. 
This showed the importance of specific surface area as another factor controlling intergranular permeability. The 
changes in calculated permeability coefficients involved increases from 18 to 24 times the initial values for C 
and PS and decrease to 82 % and 91% of the initial values for M and H, respectively.  Increase in calculated 
permeability coefficients after compaction was due to porosity generation from kerogen conversion. Reduction 
in calculated values was controlled by matrix strength (sample H) and change in BET specific surface area 
(sample Me). The calculated permeability coefficient agreed with that measured for M whereas it was two orders 
of magnitude lower for PS (Table 4.3). Many authors (Schlömer and Krosss, 1997; Yang and Aplin, 1998; 
Djéran-Maigre et al., 1998; Hildendrand et al., 2002) have reported variations between measured and calculated 
permeability coefficients.  Evident from both measured and calculated permeability coefficients is the fact that 
oil shales similar to other mudstones have low permeability coefficients within the range from 10-18 to 10-24 m² 
(Deming, 1994; Schlömer and Krooss, 1997; Hildendrand et al., 2002; Nygard et al., 2004). The evolution of 
permeability in organic matter-rich fine-grained rocks during compaction is therefore controlled by textural 
changes in minerals and organic matter as well matrix strength that together control porosity and specific surface 
area. 
4.4.4 Estimation of petroleum generated and expelled 
 
Rock-Eval pyrolysis was used to qualitatively and semi-quantitatively assess changes in the bulk composition of 
organic matter during high temperature compaction (350 °C, 0-8 MPa) experiments. The most important effect 
observed for all samples was a prominent decrease in hydrogen indices (Fig.4.7). This was accompanied by 
increases in Tmax as well as vitrinite reflectance from pre to post-deformation samples (Eseme et al. in press). 
These observations were consistent with well-established findings made in natural petroleum systems. The 
amounts of free bitumen in the rocks (S1) increased from the pre- to post-deformation samples due to generation 
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but decreased in samples PSe and Me (Fig. 4.8) due to expulsion (Rullkötter et al., 1988; Bordenave et al., 1993). 
The production and oxygen indices (PI & OI) similar to S1 showed variable changes from pre-to post-
deformation samples. This is because the PI depends on S1 and both parameters are affected by expulsion 
(Rullkötter et al., 1988), whereas the OI depends on the redox conditions during deposition, organic matter type 
and thermal maturity (Peters, 1986).  
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Fig.4.7: Changes in hydrogen index (HI) versus reactive kerogen content (S2) from pre- to post-deformation 
samples 
 
0
100
200
300
400
500
600
700
0 5 10 15 20
S1 (mgHC/grock)
G
P 
(m
gH
C
/g
ro
ck
)
generationexpulsion
Te
H
M
PNC
PSe
 
Fig.4.8: Changes in the generation potential (S1+S2) versus the free bitumen (S1) from pre- to post- deformation 
oil shale samples 
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Petroleum generated and expelled from various samples was estimated based on the scheme advanced by Cooles 
et al. (1986). The petroleum generation index (PGI) defined by these authors is given by: 
0
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while the petroleum expulsion efficiency  (PEE)  is given as: 
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The different terms in equations (4.6) and (4.7) represent carbon from various fractions of organic matter defined 
in Table 4.4. The PGI values range from 46 % to 55.8 % for all samples except for sample T (Table 4.4). The low 
PGI of sample T is due to the thermal stability of its organic matter as reflected by its high Tmax (450°C) value 
compared to the other samples (424 – 432 °C) relative to the maximum experimental temperature of 350 °C.  
 
Table 4.4 Organic carbon fractions used in mass balance to evaluate generation and expulsion 
 
Samples TOC (wt %) Co 
(mgC/grock) 
Ck(L+R) 
(mgC/grock) 
Ci 
(mgC/grock) 
Cex 
(mgC/grock) 
PGI PEE 
PS 9.66 2.62 47.26 46.29    
PSe 6.99 1.07 22.06 46.28 26.73 55.8 96.2 
PN 12.07 3.23 65.21 51.66    
PNe 9.24 7.36 32.95 51.66 28.13 51.9 79.3 
H 31.3 6.56 227.96 75.58    
He 21.26 9.63 126.06 75.58 98.93 46.2 91.1 
T 51.33 1.16 504.3 7.19    
Te 50.46 14.16 482.39 7.18 8.91 4.6 38.6 
C 12.61 1.12 67.7 56.63    
Ce 9.68 3.2 36.3 56.64 29.32 46.8 90.1 
M 20.33 10.64 129.64 60.71    
Me 13.51 7.22 66.45 60.70 66.61 52.6 90.2 
 
        Co = initial/residual petroleum C 
        Ck (L+R) = reactive kerogen C composed of labile (L) and refractory (R) portions 
        Ci = inert kerogen C 
        Cex = expelled petroleum C 
         PGI = petroleum generation index 
         PEE = petroleum expulsion efficiency 
 
Petroleum expulsion is controlled by its release from kerogen and its movement within the source rock (Sandvik 
et al., 1992, Mann et al., 1997; Inan et al., 1998). The release from kerogen is thought to be sorption-dependent 
and, as suggested by Sandvik et al. (1992), requires a minimum bitumen saturation around 20 mg/g organic 
matter (OM) for humic coals. For humic coals rich in liptinite this ratio may reach 100mg/g OM (Inan et al., 
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1998). In the oil shales studied here, a rough estimate of the bitumen saturation based on the Rock-Eval (S1*100/ 
TOM) ranged from 21.3 mg/g OM for H to 53.3mg/g OM for M except for T and C (2.3 and 9 mg/g OM, 
respectively). The bitumen saturation ranged from 28.5 mg/g OM for Te to 80.9 mg/g OM for PNe with the 
lowest value for PSe (15.5 mg/g OM). These values surpass the threshold (20 mg/g OM) suggested by Sandvik et 
al. (1992) as required for expulsion even in some pre-deformation samples consistent with the hydrogen-richness 
of the kerogens (Fig.4.7).The PEE values calculated from the experimental data ranged from 79.3 to 96.2% for 
all samples except for the Torbanite (PEE = 38.6%). These results show that once the threshold bitumen 
saturation of kerogen is exceeded, PGI values as low as 4.6% in liptinite-rich source rocks may lead to petroleum 
expulsion (See Table 4.4). The high expulsion efficiencies during the experimental procedure demonstrate that 
petroleum generation and expulsion are concomitant (See also Cooles et al., 1986; Littke et al.; 1988; Leythauser 
et al., 1988; Rullkötter et al., 1988). 
 
Several mass balance schemes have been proposed for the assessment of organic matter transformation and 
expulsion from source rocks (Cooles et al., 1986, Rullkötter et al., 1988; Bordenave et al., 1993, Mann et al., 
1997). The problem usually faced by these schemes is that of finding homogenous sequences of mature source 
rocks and their immature equivalent. The pre- and post-deformation samples used in these experiments meet the 
criterion of homogeneity.  Before estimation of petroleum generated and expelled from samples using Rock-Eval 
data, the weight loss during compaction tests was computed by difference between sample plugs before and after 
experiments. The total weight loss from pre- to post-deformation sample plugs ranged from 4.5 wt % from PN to 
PNe to 43.6 wt % from M to Me (Eseme et al., in press). Organic carbon mass balance was conducted by 
assuming that organic carbon expelled plus residual organic carbon after experiments must be equal to that 
before experiments. Another assumption for the mass balance was that inert carbon (Table 4.4) remains constant 
during petroleum generation.  
 
Weight from carbon based on Rock-Eval data was calculated considering an average hydrocarbon composition 
of C2H5 (82 % C) consistent with Hunt (1996). Finally the weight from various carbon fractions were multiplied 
by a factor of 1.2 (total organic matter) and expressed as weight percent of rocks. The loss due to organic matter 
expelled based on the mass balance scheme above ranged from 1.1 wt % for Te to 8 wt % for Me.  Differences 
between the total weight loss from sample plugs and those due to organic matter from the TOC mass balance 
ranged from 1.2 wt % from PN to PNe to 35.6 wt% from M to Me. These differences were therefore attributed to 
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loss of minerals during compaction tests.  Consequently, measured TOC values after compaction tests did not fit 
the mass balance and exceeded recalculated values by factors from 1.03 for Te to 1.21 for PSe (Fig.4.9). This 
suggests that measured TOC values of mature source rocks may represent relatively higher values due to mineral 
transport and expulsion but also from expulsion of relatively hydrogen-rich petroleum. Mineral loss may be 
common in nature due to for example clay, quartz and carbonate dissolution and transport coupled to generation 
and expulsion of inorganic fluids. However, relative depletion may also arise due to precipitation and 
cementation in micro-fractures especially after petroleum expulsion. 
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Fig.4.9: Measured TOC after deformation compared to values derived from mass balance showing relative 
enrichment of measured values due to mineral expulsion during the experiments.  
4.4.5 Suitability of intergranular permeability for petroleum expulsion 
 
The measured permeability coefficients for PS and M were all in the nanodarcy range (Table 4.3). Suitability of 
intergranular permeability for petroleum expulsion was evaluated by assuming that such values are 
representative of in situ permeability. Darcy velocities (flux) were determined by considering that pore fluid 
pressure controlled by several mechanical and thermal factors (Barker, 1972, Chapmann, 1980; Carstens and 
Dypvik, 1981) including petroleum generation (Meissner, 1981; Momper, 1981) may reach up to 17.6 kPa/m 
(0.8 psi/ft). This pressure gradient was used to replace that during permeability tests (~ 109 Pa/m). Calculated 
fluxes were 0.85 and 2.2 m/Ma with water flow rates of 9.04·10-13 and 3.42·10-12 m³s-1 for M and PS, 
respectively.     From the calculated fluxes, generated petroleum requires 117 Ma to be expelled from the centre of 
M that consists of 200m thick (Taylor et al. 1998) strata. On the other hand, PS (10 m thick) requires 2.3 Ma to 
expel petroleum from its centre to adjacent beds with hydrostatic pore pressures (10.3 kPa/m) under identical 
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conditions of fluid flow.  The estimate in M largely surpasses migration times from modelling in case studies for 
example in the Viking Graben of the North Sea of 5 Ma given by Ungerer et al. (1990). This observation 
suggests that for fluxes such as those above, only a small percentage of generated oil would migrate from thick 
source rocks. Therefore, if only intergranular permeability is considered, primary migration may take several 
million years at least.   
 
The occurrence of many Tertiary oil fields suggests that this is not the case. In addition, calculated transport 
porosity from gas breakthrough experiments in mudstones of similar porosities studied by Hildenbrand et al. 
(2002) ranged from 10-5 to 10-2 % of the total porosity. Because permeability and porosity commonly show 
correlation, such low transport porosity indicates petroleum expulsion may be more related to microfracturing.  
However, from the calculated permeability coefficients in Table 4.3, the increase in permeability by a factor of 
24 relative to the original values for PS would reduce migration time based on the flux above to 0.1 Ma from the 
centre of these strata in the field. It follows from the calculated permeability values that intergranular k may be 
suitable for migration in PS and C while the decrease in calculated k for H and M suggests that migration in 
these samples must be aided by microfracturing.   
 
The suitability of intergranular permeability for petroleum expulsion from the shales was further assessed based 
on the amount of organic matter transformed and expelled as a function of their porosity and pore size 
distributions (Fig.4.5). Evaluation of the pore size distribution in source rocks is suggested to be primordial for 
any assessment of primary migration (Hunt, 1996). Source rocks in the oil window commonly have porosities 
below 10% with median pore diameters greater than 5 nm. Petroleum compounds range in molecular diameters 
from below 0.5 nm for n-alkanes and 5 to 10 nm for asphaltenes (Tissot and Welte, 1984). Petroleum compounds 
with large molecular diameters such as asphaltenes would be trapped in half or more of all pores with effective 
diameters from 3 to 8 nm below 10 % porosity (Hunt, 1996). The average equivalent pore diameters of the oil 
shales studied ranged from 7.2 nm in PN to 18.1 nm in H (Table 4.2). PS had the second largest average pore 
diameter of 15.2 nm. About 20.57 % of all pores in H to 65.64 % in PN had diameters less than 10 nm. Neither 
PN nor C consisting of over 90 % mesopores showed any effect of pore size on expulsion. The similar expulsion 
efficiency of C to M and H (Table 4.4) demonstrates that pore diameter is subordinate to the PGI in controlling 
expulsion (Fig.4.10). It may be argued that this could be more relevant in source rocks within the oil window 
where porosities are lower but T and PN already had porosities below 10 %.   
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The shallow marine shales PS and PN tend to show a correlation between porosity and expulsion efficiency. 
However, the amount of expelled oil was higher for PN than for PS despite its lower expulsion efficiency and 
porosity. Furthermore, despite the differences in porosity, mineralogy, matrix strength, specific pore volumes as 
well as organic matter quantity and quality, C, M and H all had similar expulsion efficiencies. Our data therefore 
reveals that though the PEE may be affected by other parameters, the principal limiting factor is the PGI (R² = 
0.91), compared to porosity (R² = 0.46), average pore diameter (R² = 0.22) and compaction (R² = 0.02) shown in 
Fig.4.10. 
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Fig.4.10: Petroleum expulsion efficiency showing the principal factor that controls expulsion versus Petroleum 
generation index (PGI), porosity, average pore diameter and compaction of samples showing the principal factor 
that controls expulsion. 
 
The petroleum expulsion efficiency through intergranular permeability was estimated from the quantities of oil 
expelled during the programmed heating experiments relative to the flow rates from steady-state k tests. The 
specific volume of oil generated was determined from the mass balance scheme used assuming that all expelled 
products consisted of oil with density of 0.9 g/cm³. Detailed consideration of products generated into various 
phases is dealt with for example in Ungerer et al. (1983). Under this consideration, the volume expansion due to 
generation is estimated from:  
k
kfTRkTR
ρ
ρρρ
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 kvol) (initial - generated) fluids of  vol kvol residual (Vexp −+−=+=     (4.8) 
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where ρk is density of kerogen (1.15 g/cm³) and transformed kerogen normalised as a fraction of the initial 
kerogen with a mass of 1g, TR is the transformation ratio and ρf is the density of the generated fluids. 
Considering that all generated products were oil, expansion in the absence of expulsion ranged from 2.5 % in T 
to 14.9 % in PS. Though kerogen density is reported to increase up to 1.6 g/cm³ with maturity (Düppenbecker, 
1992), maturity estimates showed that samples did not surpass the peak of the oil window. These estimates of 
volume expansion of organic matter due to petroleum generation are consistent with Ungerer et al. (1983) who 
concluded that volume expansion of kerogen due to oil generation would hardly exceed 15 % even in a closed 
system. The expansion of organic matter due to petroleum absorption is thought to result in internal pressures 
within the source rock pore system considered as the driving force for pressure-driven flow (Mann et al., 1997; 
Berg and Gangi, 1999). Because expulsion is strongly related to generation, the volume expansion of organic 
matter due to oil generation would be very small. Therefore, Ungerer et al. (1983) suggested that expulsion was 
rather driven by pressure from compaction. This conclusion was predicated mostly from stress analysis and its 
role on migration conducted by Du Rouchet (1981). However, as shown in Fig.4.10, compaction showed no 
correlation to the expulsion efficiency of samples.  
 
The volumes of oil generated during the experiments were used to calculate maximum oil saturation of the pore 
system of the oil shales (Table 4.5) using the equation given by:   
pV
VoS 1000 ⋅=                            (4.9) 
where V0 is the specific volume of oil generated assuming an average density of 0.9 g/cm³ and Vp is the specific 
pore volume determined by mercury injection porosimetry. These calculations revealed that if all oil generated 
was retained in the rocks, pore volume saturation would have ranged from 48.1% in T to 121.8 % in PN. This 
saturation shows the relevance of petroleum generation as a source of pressure on the pore system of the rock. 
Therefore, consideration of pressure-driven flow from generation requires knowledge of the effect of organic 
matter expansion relative to the pore volume. The saturation of PN demonstrates that in a closed system, the pore 
system must fracture in order to release the oil generated. These values also demonstrated that not all pore space 
is required for expulsion supporting the existence of transport porosity in mudstones (Hildenbrand et al. 2002). 
The existence of transport porosity would enhance pressure build-up during primary migration because a smaller 
amount of total pore space would be available for invasion by generated oil. The saturation values also showed 
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that migration was not instantaneous and transport porosity is enhanced by porosity due to conversion of kerogen 
to oil. 
 
Table 4.5 Parameters used for evaluation of oil saturation of pore volume and suitability of intergranular 
permeability for expulsion 
 
Vr- specific oil volume from residual bitumen  
Mo – specific mass of oil expelled  
Vom- specific volume of oil generated  
Vo- specific volume of oil expelled  
Flow rate = Vo/4days (start of expulsion to end of experiment)  
Vp- specific pore volume 
       So-saturation of pore volume by total oil generated 
       Sr - saturation of pore volume by residual bitumen. 
 
An average bitumen saturation of pores over the experimental duration was therefore calculated and ranged from 
12 % in T to 30 % in PN. These may be considered as minimum saturations during primary migration but they 
had no influence on the PEE. The minimum pore saturation by oil was positively correlated to the amount of oil 
generated and negatively correlated to porosity. Unlike the saturation model for primary migration that suggests 
that a minimum saturation is required before primary migration begins, our data demonstrates that pore volume 
saturation is rather important in controlling whether primary migration occurs through intergranular or fracture 
permeability. As many source rocks contain lower amounts of organic matter, their threshold pore saturations 
may be around that calculated for PN or higher to initiate microfracturing. 
 
In a similar manner, the specific volumes of oil expelled and residual bitumen saturation of total porosity of 
samples were also determined and reported in Table 4.5. Oil flow rates were calculated based on the volume of 
oil expelled during the experimental duration. These flow rates ranged from 3.51·10-13 to 4.1·10-12 m³s-1 of oil in 
T and H, respectively (Table 4.5). These flow rates assuming expulsion occurred by volume flow were compared 
to independent flow rates of water based on the k tests for PS and M (Table 4.3) stated above. The flow rates of 
water measured from steady-state k tests was higher for PS and lower for M compared to those derived from 
petroleum expulsion (Table 4.5). Therefore as indicated by the saturation estimates in Table 4.5, PS, C and T 
Sample Vr (cm³/g) Mo (mg 
HC/g 
rock) 
Vom 
(cm³/g) 
Vo 
(cm³/g) 
flow rate 
(m³/s) 
Vp 
(cm³/g) 
So (%) Sr (%) 
PS 0.0014 32.12 0.0377 0.0357 1.83E-12 0.0591 63.78 2.08 
PN 0.0100 33.75 0.0481 0.0375 2.05E-12 0.0395 121.77 nd 
H 0.0130 118.60 0.1470 0.1318 4.1E-12 0.1573 93.44 15.71 
T 0.0192 10.70 0.0313 0.0119 3.51E-13 0.0650 48.13 22.29 
C 0.0043 35.17 0.0440 0.0391 2.23E-12 0.0848 51.92 3.78 
M 0.0098 79.94 0.1000 0.0888 3.45E-13 0.1148 87.15 7.74 
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with high pore volumes relative to the oil generated (maximum saturation < 70 %) expelled most of their oil 
through intergranular permeability whereas M, H and PN with low porosity relative to the oil generated 
(maximum saturation > 85 %) expelled their oil with the aid of microfractures. This indicates that both 
intergranular and fracture permeability contributed to expulsion during the experiments. For source rocks with 
porosity below 10%, PS would have as discussed below responded like PN by expelling petroleum dominantly 
by microfracturing. Littke et al. (1988) for example showed expulsion by microfracturing for naturally mature 
samples of PN and many other studies have shown fractures that acted as migration pathways for hydrocarbons 
in nature (Jochum et al., 1995; Parnell et al., 2000, Lash and Engelder, 2005).  
 
Figure 4.11 (a-l) shows the transport network of pre- and post -deformation samples investigated using scanning 
electron microscopy (secondary electron mode). Compared to pre-deformation samples (Figs. 4.11 a, c, f, h, j) 
fractures were observed more frequently in post-deformation samples (Figs.4.11 b, d, e, g, i, k, l).These were not 
always continuous, with the most prominent ones observed in PNe and Me (Figs.4.11 e and l). The prominent 
fracture in Me (Fig.4.11 l) suggests that the peak in the macro-porosity domain of its pore size distribution curve 
(Fig 4.2e) was not due to lamination but rather resulted from fracturing due to petroleum generation. This 
fracture subsequently acted as a migration avenue. In Fig. 4.11 d, PNe shows two pores that are connected by a 
micro-fracture also attributed to petroleum generation and subsequent expulsion during compaction. These 
optical data (Figs. 4.11a, b e, j, and k) alongside increases in MIP SSA after compaction tests all demonstrate that 
due to organic matter transformation during generation, porosity is created in source rocks. It is well known that 
oil generally migrates through rock pores in sedimentary basins by capillary displacement of water (Schowalter, 
1979). However, this is restricted to reservoir rocks and seals where the oil is from an external source. In source 
rocks the oil is indigenous and as such a primary condition for oil to move into water-filled pores is for the 
organic matter to be intimately associated to these pores. In the absence of this relation, transformed kerogen 
creates porosity (Bredehoeft et al., 1994) that may evolve to a network containing mostly bitumen in organic 
matter-rich rocks (Ungerer et al., 1983). In the absence of this network, isolation of dispersed oil is what may 
retard expulsion rather than porosity or pore-size distribution. The newly created pores primarily host oil 
generated and may combine with water-saturated pores during migration depending on the organic matter 
density and proximity of organic matter to these pores. This combination with increasing bitumen saturation in 
low-porosity source rocks with high labile kerogen content increases the tendency for microfracturing during 
primary migration.  
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Fracture generation therefore seems to be the principal avenue for primary migration based on the following 
considerations: 
i) the fluxes estimated from k tests indicate that several million years are required for primary migration 
which is very unlikely, 
 
ii) the oil flow rate calculated for 12-30 % average pore saturations is similar to that during k tests at 100 
% pore saturation and very high pressure gradients. This indicated that migration proceeded more 
rapidly during the high temperature experiments and not all pore space is required for migration, 
iii)  entry of oil into water-saturated pores requires that the capillary pressure is exceeded and this induces 
pressure rise that is a pre-requisite for fracturing 
iv) average pore saturation during the experiments suggests that if transport porosity is below 10 % of total 
porosity, then expulsion during the experiments could only be achieved through fracturing, 
v) optical evidence presented above also supports fractures as the principal avenue for  expulsion in low 
porosity source rocks. 
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Fig.4.11 (a-l): 
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Figs. 4.11 (a-l): Electron micrographs showing textural changes in oil shale transport properties from pre- to 
post- deformation samples 
 
a. fracture development in the PS that may occur due to petroleum generation and used for primary 
migration. 
b. generation traces of low conversion of organic matter in PSe with path that may subsequently form 
fracture 
c. 0.5 µm pore in the PN surrounded by organic matter 
d. pore coalition by microfracture in PNe due to generation that possibly enhanced expulsion 
e. microfracture in d at higher resolution showing fracture width of maximum of 200 nm that served as the 
principal avenue for primary migration. 
f. 3-5µm diameter pores with tabular and rounded shape in H consistent with mercury porosimetry data 
g. microfractures in He opened by generation and later closed by creep confirmed by high axial strain and 
porosity decrease.  
h. 4 µm pore in T with residual bitumen traces on matrix with “erosion” marks  
i. erosion marks in the Te highlighting potential for fracturing limited by low PGI 
j. development of microfracturing in C by organic matter conversion with tearing apart that may enhance 
fracture development during generation. 
k. micropores in the matrix of Ce with hollow “erosion” characterised area due to generation showing 
intimate relation between organic matter and pores and indicating that some pores are blocked by 
organic matter whose conversion liberates them and increases porosity leaving large hollow at the 
surface 
l. development of microfracture in Me after generation with lower portion filled with organic matter and 
fracture walls lined with residual bitumen.  
 
 
4.5 Summary and Conclusions 
 
The transport potential of four lacustrine (Torbanite, Messel, Himmetoglu, Condor) and two shallow marine 
(Posidonia from S. & N. Germany) oil shales has been characterised by petrophysical and geochemical 
techniques. The objectives of this study were to evaluate their intergranular permeability, assess its evolution 
alongside that of porosity and specific surface area during compaction and evaluate the suitability of 
intergranular permeability for petroleum expulsion.  
 
Measured permeability coefficients from steady-state tests for two samples were 0.72·10-21 m² for Messel and 
2.63·10-21 m² for the Posidonia shale from S. Germany. Porosity ranged from 7.6 % for the Torbanite to 20.1 for 
the Himmetoglu shale for pre-deformation samples. In post-deformation samples values ranged from 9.99 % for 
the Torbanite to 20.72 % for the Messel shale. The increase in porosity was due to petroleum generation from 
kerogen. This was supported by specific surface areas from mercury porosimetry (MIP SSA) that ranged from 
16.03 to 44.48 m²/g for pre-deformation samples and 25.14 to 51.94 m²/g for post-deformation samples. The 
BET specific surface areas (BET SSA) varied from 0.7 to 10.6 m²/g before to 0.31 to 3.7 m²/g after compaction. 
The BET SSA showed positive correlation to grain size and mesoporosity and negative correlation to organic 
matter content, compaction and hydrous mineral content. Based on porosity and BET SSA, permeability 
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coefficients calculated from the Kozeny-Carman equation ranged from 6.97·10-24 m² for the Posidonia shale 
from N Germany to 5.22·10-21 m² for the Himmetoglu oil shale before and 0.2·10-21 m² for Condor to 4.8·10-21 for 
the Himmetoglu shale after compaction. Calculated permeability agreed with the measured value in Messel 
whereas it was two orders of magnitude lower for the Posidonia shale from S.Germany.  Both measured and 
calculated values, suggest that intergranular permeability in oil shales is similar to that for other mudstones lying 
between 10-18 and 10-24 m².  
 
Calculated fluxes from the measured permeabilities in Messel and the Posidonia shale from S.Germany suggest 
that several million years are required for efficient expulsion from thick source rocks through intergranular 
permeability. The flux from k-tests suggests that intergranular permeability is unsuitable for migration. 
Expulsion efficiencies ranged from 38.6 % in the Torbanite to 96.2% in the Posidonia shale from S.Germany. 
The expulsion efficiency was principally controlled by the petroleum generation index with subordinate roles for 
porosity, pore diameters, pore volume saturation and compaction. Expulsion occurred through both fracture and 
interganular permeability during the experiments. The higher the porosity relative to the amount of oil generated, 
the lower is the probability for fractures. Minimum pore saturations for expulsion ranged from 12 % for the 
Torbanite to 30 % for the Posidonia shale from N.Germany. Samples with more than 20 % saturation showed 
evidence of expulsion through fractures compared to those with lower saturation. Therefore, the following 
conclusions can be made from this study: 
1) Oil shales have low intergranular permeability in the range of 10-18 to 10-24 m² similar to other 
mudstones. 
2) Porosity, specific surface area and permeability decrease during compaction but the trend experiences 
reversals during petroleum generation. 
3) The petroleum expulsion efficiency is controlled principally by the petroleum generation index 
4) Porosity and its saturation by generated petroleum controls whether expulsion occurs through 
intergranular of fracture permeability and  
5) Based on flow rates, flux, optical evidence, porosity in the oil window, capillary displacement of water-
saturated pores and the existence of transport porosity in mudstones, primary migration dominantly 
occurs through fracture permeability. 
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5. Experimental investigation of the compositional variation of petroleum during expulsion from source 
rocks 
 
5.1Abstract 
 
Anhydrous non-isothermal heating experiments were conducted under controlled compressive stress on 
cylindrical plugs of six oil shales from Permian through Miocene age. The objectives of this study were to 
investigate molecular and compound class fractionation during primary migration and highlight causes of 
compositional variations due to expulsion from source rocks. Acyclic paraffins were preferentially expelled with 
compositions depending on source kerogen and evaporative loss after expulsion. No molecular fractionation 
within various compound classes or preferential expulsion of n-alkanes relative to acyclic isoprenoids occurred. 
Cyclic paraffins similar to aromatics showed preferential retention relative to acyclic paraffins. Saturated fatty 
acids showed preferential expulsion of palmitic (C16) and stearic (C18) acids. Expulsion of fatty acids, which 
constitute part of polar compounds, suggested preferential expulsion of straight and branched chain relative to 
cyclic compounds. Lithologic controls were subordinate to kerogen in controlling the direction of compositional 
differences between residual bitumen and expelled oil. Retention in kerogen controlled by kerogen type, 
compositional abundance during generation and maturity accounts exclusively for fractionation due to primary 
migration.  
 
Keywords: acyclic paraffins, cyclic paraffins, aromatics hydrocarbons, polars compounds 
 
 
5.2 Introduction 
 
Primary migration of petroleum is important during exploration in the evaluation of sources that may have 
expelled sufficient petroleum to form accumulations and in finding the possible location of these accumulations. 
Primary migration has been a very challenging area of research in petroleum geochemistry because it occurs in 
rocks of very low permeability with increasing compaction thought to be associated with loss in porosity. 
Several theories were investigated on the mode of migration of oil from source rocks and it is now accepted that 
oil migrates as a separate phase fluid and not dissolved in water in source rocks (Durand, 1983; Sandvik and 
Mercer, 1990; Mann et al., 1997). On the contrary, the driving force for primary migration of petroleum 
attributed to compaction (Athy, 1930; Ungerer et al., 1983), thermally-activated diffusion (Stainforth and 
Reinders, 1990), or pressure due to kerogen transformation during petroleum generation (Mann et al. 1997) 
remains elusive.  
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The acceptance of separate phase flow was the result of several case studies (e.g. Durand and Oudin, 1979, 
Leythaeuser et al. 1984, Cooles et al. 1986, Leythaeuser et al. 1988, Littke et al. 1988) that provided unequivocal 
observational data on primary migration of petroleum. Based on bulk and molecular geochemistry data these 
studies demonstrated that petroleum generation and expulsion were concomitant. However, because most field 
studies are commonly conducted a long time after generation and expulsion occurred, their ability to explain 
compositional differences between residual bitumen and oil is limited. Krooss et al. (1991) pointed out two main 
factors during primary migration that may cause compositional variation between rock extracts and expelled oil. 
These factors are related to the inorganic matrix retention either due to pore-size constraints and steric effects of 
petroleum compounds or from interaction between petroleum compounds and minerals. Secondly, the kerogen in 
source rocks described as a complex polymer may show preferential affinity for certain compounds and result in 
fractionation during expulsion. Therefore, experimental data are important to understand which of these 
processes controls this variation during primary migration in order to better model this process.  
 
During pyrolysis, minerals have been shown to affect product composition with fractionation based on molecular 
weight (Espitalie et al., 1980; Horsfield and Douglas, 1980). On the other hand, based on the polymer structure 
of kerogen, solvent swelling experiments are increasingly being used to investigate fractionation based on 
individual compounds as well as compound classes during expulsion (Sandvik et al., 1992; Ritter, 2003; 
Kelemen et al., 2006). These studies conclude that fractionation during expulsion increases from aliphatics to 
polars due to preferential retention of the latter by kerogen. Experiments are often conducted on crushed rock or 
extracted kerogen so that many features potentially affecting primary migration from source rocks are no longer 
active or present (Takeda et al., 1990; Inan et al., 1998).  
 
In the present study cylindrical sample plugs were prepared from lacustrine and shallow marine shales and 
subjected to non-isothermal heating (32-350°C) with simultaneous axial load (0-8 MPa). This enabled the 
investigation of the effects and interaction of multiple parameters including: i) temperature, ii) overburden load, 
iii) mineralogy, and iv) petrophysical properties that are all relevant and evolve during petroleum generation and 
expulsion in nature. Cylindrical plugs have been used before to investigate expulsion from source rocks 
(Larfargue et al., 1990; Hanebeck et al., 1993). However, in these and several other studies the interpretation of 
molecular data was limited to the acyclic paraffins of the saturate fraction or gross compositional data commonly 
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characterised as aliphatics, aromatics and polars. In the current study, detailed investigation of molecular 
distribution of aliphatics, aromatics and polar compounds in shallow marine and lacustrine shales was 
conducted. Both, initial and post-experimental mineralogy, and petrophysical properties as well as compaction 
due to stress during generation and expulsion in samples were determined. The aims of this study were to: 
1. investigate molecular fractionation in aliphatics, aromatics and polars during expulsion  from 
source rocks 
2. assess fractionation based on various compound classes during expulsion and 
3. highlight causes of compositional variation between rock extracts and oils due to primary 
migration.  
This study provides additional insight into primary migration and is useful for exploration, especially for source-
oil correlation. 
 
2 Samples 
 
Oil shales from six basins were used in this study including a Torbanite, two Posidonia shales, Messel shale, 
Himmetoglu shale and Condor shale samples. These samples are described in more detail in Eseme et al. (in 
press). Only a brief review of parameters closely related to primary migration is given here. The sample set 
consisting of four lacustine and two shallow marine shales is shown in a composite stratigraphic chart in Figure 
5.1. The geological ages range from Permian for the Torbanite to Miocene for the Condor shale. The extractable 
bitumen in most of these shales has been characterized extensively and some references dealing on their geology 
and geochemistry are given in Figure 5.1. The oil shales showed variations in their mineralogical and 
petrophysical properties (Table 5.1). Carbonate contents expressed as percent calcite were below 10 wt % for the 
lacustrine shales maximizing at 24 wt % for the shallow marine shales. The principal clay mineral was kaolinite 
except for the Messel and Himmetoglu shales which were dominated by illite-smectite and illite, respectively. 
High smectite contents have been reported before for the Messel Shale (Kubanek et al., 1988) as well as 
dominance of illite in some areas for the Posidonia Shale (Mann et al., 1987). Kaolinite occurred as sheets in 
various samples but also as aggregates in the Torbanite. Porosities ranged from 7.6 % for the Torbanite to 20.13 
% for the Himmetoglu Shale (Table 5.1). No correlation was found between the porosity and organic matter 
content. Permeability estimates based on the Kozeny-Carman equation ranged from 6.97·10-24m² for the 
Posidonia Shale from N.Germany to 5.22·10-21m² for the Himmetoglu shale.  
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Figure 5.1: Generalised stratigraphic chart showing samples, their origin and some references dealing on the 
geology and geochemistry of samples. 
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Table 5.1 Summary of petrophysical and mineralogical properties of samples 
 
kkc = permeability calculated from Kozeny-Carman equation. 
nd – not determined 
 
 
5.4 Methods 
 
Thermal degradation experiments on the shale samples were performed by programmed heating in the presence 
of controlled axial stress. Cylindrical plugs of samples were sandwiched between porous steel discs pre-extracted 
with acetone in an ultrasonic bath for 30 minutes. The sample arrangement was subjected to simultaneous 
evolution of axial load up to 8 MPa and temperatures up to 350 °C to simulate burial in nature. Details of the 
flow cell and accessories are described in Eseme et al. (in press). The first step of the experimental procedure 
involved a temperature increase from 32 to 320°C at 0.2 °C/min. This was followed by an isothermal interval of 
24 hours and subsequent step-wise 10 °C increases up to 350 °C with the same heating rate and isothermal 
intervals. At the end of the experiments (5 days) after temperature and axial load had returned to their initial 
values, sample plugs as well as the porous steel discs were recovered from the flow cell to analyse the structural 
and geochemical effects of bitumen generation and expulsion.  
 
Recovered plugs alongside original samples were cut using a circular rock saw and dried in an oven for 24 hours 
at 105 °C. Chips cut perpendicular or parallel to bedding were polished for microscopy following procedures 
described in detail in Taylor et al. (1998). The maturity of samples was assessed by measuring the random 
reflectance of at least 50 particles of vitrinite using a Zeiss microscope under oil immersion (x500) calibrated 
using Yttrium Aluminium Garnet (YAG Rr = 0.89%). Maceral analysis was carried out using a Zeiss-
fluorescence microscope equipped with suitable filters that allowed switching between the fluorescent and 
incident light modes under oil immersion (x200-500). Polished blocks were also used for scanning electron 
Sample Porosity (%) Average pore 
D (nm) 
Carbonate ( wt 
% calcite) 
k kc (m²) Principal clay 
mineral 
Posidonia .S (PS) 12.53 15.2 24 2.48.10-23 kaolinite 
Posidonia. N PN) 8.14 7.2 23 6.97.10-24 kaolinite 
Himmetoglu (H) 20.13 18.1 2.2 5.22.10-21 illite 
Torbanite (T) 7.6 8.6 1.5 nd kaolinite 
Condor (C) 16.2 9.8 5 1.09.10-23 kaolinite 
Messel (M) 16.19 9.3 7.7 5.96.10-22 illite-smectite 
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microscopy in the back scattered and secondary electron modes (SEM /BSE/SE) with details reported in Eseme 
et al. (in press). 
 
Another portion of the chips was pulverised for bulk and molecular geochemical analyses. Sample weights from 
20-100 mg were used to determine their total organic and inorganic carbon contents using a Leco analyser (type 
RC 412). The analyser operates on the principle of thermal evolution during combustion from 105 °C to 1050 °C 
with a temperature ramp of about 105 °C/min. The resulting CO2 was quantified by an infra-red spectrometer 
and expressed as weight percent of the dry rocks. A Rock-Eval II instrument was used to assess the quality and 
evolution of organic matter of samples using 10-100mg. The temperature programme involved instantaneous 
heating of the samples to 300 °C. It was kept at this temperature for three minutes during which free bitumen in 
the samples was thermo-vaporized and quantified by means of a Flame Ionisation Detector (FID) (S1-peak). The 
temperature was then increased to 550 °C at 25 °C/min during which cracking of kerogen in samples occurred. 
The hydrocarbon products were also quantified by the resulting FID signal (S2-peak). Carbon dioxide from 
kerogen decomposition was trapped during the heating phase between 300 to 390 °C and quantified later during 
the cooling phase using a Thermal Conductivity Detector (TCD) (S3-peak) (Espitalie et al., 1977; Peters, 1986; 
Bordenave et al., 1993). 
 
About ten grams of the pulverised samples were placed in cellulose thimbles, covered with pre-treated glass 
wool and subjected to Soxhlett extraction at 60 °C for 24 hours using a solvent mixture of acetone, chloroform 
and methanol (47:30:23 v/v) in order to ensure optimum extraction of bitumen in the samples. In addition, the 
porous steel discs that acted as fluid reservoirs during thermal degradation experiments were also extracted at 45 
°C for 48 hours using dichloromethane. Finely split copper plate (2 cm2) activated with HC1 was used to 
scavenge elemental sulphur during extraction. Various extracts were concentrated using a rotating vapour 
evaporator at room temperature and pressure of 220-250 mbar, transferred to 8 mL glass bottles using the solvent 
used for extraction, and allowed to evaporate to dryness in a vented hood. This was followed by fractionation 
using silica-gel column chromatography with columns prepared by activating about 2 g of baker silica gel in a 
glass column for 24 hours at 200 °C. Each extract, progressively introduced on a column was eluted using the 
procedure of Schwarzbauer et al. (2000) yielding six fractions ranging from aliphatics to polars. Solvents used 
for elution ranged from 5 mL of n-pentane for the aliphatic fraction to 5 mL of methanol for the polar fraction. 
Samples were concentrated to 100 µL followed by gas chromatographic (GC) analyses. The methanol fraction 
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was further derivatised by concentration to 1 mL. This was mixed with a BF3 solution (50:50 v/v) homogenised, 
and placed in a sand bath at 70 °C for two hours. After cooling, water and diethylether (50:50 v/v) were added to 
the mixture yielding two phases that could be separated. The less dense phase containing methyl esters of 
saturated fatty acids was skimmed with a pipette and concentrated to 100 µL for GC analysis. Concentrated 
extract volumes ranging from 0.2 to 0.5 µL were injected into a GC 8332 (ZB 5 column, 30m long, 0.25mm id, 
0.25µm ft) equipped with an on-column injector and an FID.  The GC was kept at the initial temperature of 60 
°C for three minutes, then heated to 300°C at 3°C/min and held at this final temperature for 20 minutes. The 
aliphatic, triaromatic and derivatized polar fractions were further analysed by Gas Chromatography-Mass 
Spectrometry (GC-MS) using an HP Finnigan Mass- Spectrometer coupled to a GC 5000 with a temperature 
programme similar to that during GC analyses.  
4. Results and Discussion 
4.1 Bulk generation and expulsion 
The microphotographs in Fig. 5.2 a-l show the bulk changes in the organic matter of samples before (5.2 a, c, e, 
g, i and k) and after thermal degradation (5.2 b, d, f, h, k, and l) up to 350 °C. Noticeable is the prominent loss of 
fluorescence from bright yellow to orange or brown colour. The fluorescence colour change was least in the 
Torbanite consistent with its low degree of transformation characterized by the petroleum generation index (PGI) 
of 4.6 % compared to 46 to 55.8 % for the other samples (Table 5.2). Also apparent was the significant decrease 
in both lamalginite and telalginite because these organic matter particles constitute the principal precursors of 
petroleum. Samples after thermal degradation also contained residual bitumen dispersed across the matrix but no 
clear relation to expulsion was discerned. Morphological changes in organic matter and loss of fluorescing 
organic matter due to petroleum generation are well known in nature (Hutton, 1987; Littke et al., 1988; Taylor et 
al., 1998).  
Numerical data on the organic matter quality of samples before and after experiments based on Rock-Eval 
pyrolysis are given in Table 5.2. The bulk changes from initial to post-experimental samples involved the 
decrease of hydrogen index (HI) values due to generation and expulsion, accompanied by an increase in Tmax 
(Fig.5.3a). The increase in Tmax is in line with increases in vitrinite reflectance (Fig.5.3b) which are independent 
maturity parameters used during petroleum exploration. The Torbanite demonstrated the need to corroborate 
Tmax data by other techniques because its initial value of 450 °C may be erroneously considered as that of a 
mature to post-mature rock based on generalised maturity schemes commonly advanced for different kerogen 
types (Bordenave et al., 1993; Hunt, 1996; Taylor et al., 1998; Peters et al., 2005). 
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 Figure 5.2: Fluorescence photomicrographs showing samples before and after heating experiments. 
a) Posidonia shale from S. Germany containing tasmanale algae 
b) Posidonia shale from S.Germany after experiments showing loss of fluorescence and morphology 
c) Posidonia shale from N. Germany containing tasmanale algae 
d) Posidonia shale from N.Germany after experiments showing loss of fluorescent organic matter and 
particle morphology 
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e) Himmetoglu oil shale before experiments containing lamalginite clusters across the matrix 
f) Himmetoglu oil shale after experiments with hardly recognizable residual rounded organic matter 
particles associated with residual bitumen 
g) Torbanite before experiments showing large botryoccocus type telalginte particles with bright yellow 
fluorescence. 
h) Torbanite after experiments with poorly structured telalginite associated with residual bitumen in the 
matrix  
i) Condor shale before experiments showing abundant lamalginite with weakly fluorescent matrix 
j) Condor shale after experiments showing loss of fluorescence and particle morphology 
k) Messel oil shale before experiments showing yellow fluorescing lamalginite clusters and some sporinite 
l) Messel oil shale after experiments with dark matrix stained by residual bitumen. Morphologiocally 
recognizable organic matter particles are rare. 
 
Table 5.2 Organic carbon contents and Rock-Eval parameters used for estimation of kerogen 
transformation and expulsion in samples 
 
* 
Sample codes with subscript “e” denote samples after experiments 
 
 
The petroleum expulsion efficiency (PEE) calculated from the data in Table 5.2 based on the scheme advanced 
by Cooles et al. (1986) ranged from 38.6 % for the Torbanite to 96.2 % for the Posidonia shale from S.Germany. 
The expulsion efficiency was controlled principally by the Petroleum Generation Index (PGI). This close relation 
between generation and expulsion has been reported by several field and laboratory studies (Young and McIver, 
1977; Cooles et al., 1986; Littke et al., 1988; Leythauser et al., 1988; Rullkötter et al., 1988). 
Sample 
 
 
TOC 
(wt %) 
S1 
(mg 
HC/g 
rock) 
S2 (mg 
HC/grock) 
S3 (mg 
CO2/grock) 
Tmax 
(°C) 
HI (mg 
HC/gTOC) 
OI (mg 
CO2/gTOC) 
PI PGI 
(%) 
PEE 
(%) 
PS 
 
9.66 3.2 57.6 1.6 432 597 16 0.05   
PSe 
 
6.99 1.3 26.9 1.7 438 385 20 0.05 55.8 96.2 
PN 
 
12.07 3.9 79.5 2.2 432 659 19 0.05   
PNe 
 
9.24 9.0 40.2 1.5 437 434 14 0.18 50.2 79.1 
H 
 
31.3 8.0 278.0 10.7 431 888 34 0.03   
He 
 
21.26 11.7 153.7 4.9 445 723 19 0.07 46.2 90.1 
T 
 
51.33 1.4 615.0 2.4 451 1198 5 0.01   
Te 
 
50.46 17.3 588.3 3.1 456 1166 6 0.03 4.6 38.6 
C 
 
12.61 1.4 82.6 2.4 434 655 19 0.02   
Ce 
 
9.68 4.0 44.3 2.3 443 457 21 0.08 48.4 90.2 
M 
 
20.33 13.0 158.1 8.6 424 778 42 0.08   
Me 
 
13.51 8.8 81.0 2.8 441 600 20 0.10 51.2 91.2 
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Figure 5.3: variation in bulk maturity parameters in oil shales studied before and after experiments based on a) 
hydrogen index (HI) versus vitrinite reflectance (% Rr) and b) vitrinite reflectance versus Tmax 
 
 
Noteworthy here is the fact that due to high expulsion efficiencies, the production indices were below 0.2 which 
may be overlooked as samples yet to expel petroleum interpreted as an indication of low maturity. Therefore, 
rich source rocks may be considered as immature during exploration whereas very efficient expulsion already 
occurred.  
 
 
5.5.2 Compositional variation in acyclic paraffins 
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Because of their abundance and simple structures acyclic paraffins have been extensively characterised in 
extracts from sediments. They are commonly employed in several areas including discrimination of source 
organisms, maturity characterization, petroleum migration and biodegradation. The distributions of acyclic 
paraffins based on GC-MS as reflected by ion chromatograms of m/z 57 for the initial bitumen of samples 
studied are shown in Fig. 5.4.  Apparent is the odd-even predominance in n-alkanes characteristic of immature 
sediments.  
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Figure 5.4: Distribution of n-alkanes in the initial bitumen of samples showing pristane (pr), phytane (ph) and n-
C17, n-C21, n-C25, n-C29 a) Condor, b) Messel, c) Himmetoglu and d) Torbanite 
 
Dominant n-alkanes ranged from n-C16/23 for the Himmetoglu shale to n-C31 for the Messel shale (Table 5.3). 
The chromatograms also showed prominent pristane and/or phytane compared to the preceding n-alkanes. The 
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combined isoprenoid to n-alkane ratios based on peak areas ranged from 0.3 for the Posidonia shale from S. 
Germany to 2.47 for the Condor shale. Pristane/phytane (pr/ph) ratios ranged from 0.22 for Messel to 1.91 for 
the Torbanite (Table 5.3) with pristane constituting the principal isoprenoid in all samples except for the Messel 
shale. The low pr/ph ratio for the Messel shale was due to the high phytane content at times used as an indicator 
for deposition in reducing environments. According to Freeman et al. (1990) the abundance of phytane in the 
Messel shale is, however, due to high input from archaebacterial lipids while the pristane in this shale is 
attributed to algae. 
 
Table 5.3 Acyclic paraffins distribution ratios used in source, maturity and expulsion assessment in source 
rocks 
 
Samples pr/ph pr/n-C17 ph/n-C18 pr+ph/n-
C17+ n-C18 
CPI dominant n-
alkane 
 
PS 1.15 0.27 0.33 0.3 0.99 17 
PN 1.37 0.74 0.53 0.63 0.97 18 
H 0.89 0.4 0.53 0.46 2.61 16, 23 
T 1.91 0.8 0.41 0.61 1.02 21 
C 1.45 2.61 2.28 2.47 1.84 27 
M 0.22 0.54 3.15 1.68 5.3 31 
PSe 1.4 0.58 0.39 0.48 0.94 19 
PNe 2.06 0.72 0.38 0.56 1.1 17 
He 1.4 0.35 0.2 0.26 0.96 27 
Te nd nd nd nd 1.01 20 
Ce 1.39 0.15 0.1 0.13 1.02 20 
Me 1.66 0.66 0.38 0.52 1.18 23 
PSr 1.17 1.16 0.73 0.92 1.1 22 
PNr 1.41 1.87 0.67 1.07 0.78 24 
Hr 1.89 0.38 0.18 0.27 0.96 27 
Tr 1.71 1.02 0.41 0.66 0.9 23 
Cr 1.2 0.91 0.56 0.71 1 26 
Mr 1.69 1.63 0.64 1.03 1.03 22 
 
* Carbon preference index (CPI) = (n-C23-n-C31 + n-C25- n-C33)/ 2*(n-C24 – n-C32) 
    Sample codes with subscript “e” represent residual bitumen while those with “r” represent expelled products 
    nd – not determined 
 
After the thermal degradation/expulsion experiments no more odd-even predominance is observed in the n-
alkane distributions of the shale sample extracts (Fig.5.5) due to random generation of both even and odd n-
alkanes from kerogen. While the carbon preference index (CPI) values ranged from 0.99 to 5.3 in the initial 
bitumen of all samples, the CPI values extended from 0.94 to 1.1 in the residual bitumen (Table 5.3). Similarly, 
in the post-experiment samples the n-alkane distribution maxima (Fig.5.5) had shifted to lower carbon numbers 
(n-C17 to n-C27) as compared to the initial bitumen (n-C16/23 to n-C31). All final isoprenoid to n-alkane ratios were 
below unity showing that n-alkanes were generated in higher abundances during thermal degradation than 
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isoprenoids. On the other hand pr/ph ratios were all greater than one showing that in general pristane was 
generated in larger quantities and/or at higher rates than phytane (Eseme et al. 2006).  
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Figure 5.5: Distribution of n-alkanes in the residual bitumen of samples showing pristine (pr), phytane (ph) and 
n-C17, n-C21, n-C25, n-C29 a) Condor, b) Messel, c) Posidonia shale from S. Germany, d) Posidonia shale from 
N.Germany and e) Himmetoglu  
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In the expelled bitumen (Fig. 5.6), the distributions of n-alkanes reflect the characteristics of the source kerogen 
with high molecular-weight compounds dominating for the lacustrine Condor and Himmetolgu shales. No 
preferential expulsion based on molecular weight was discerned, indicating that bulk expulsion occurred from 
samples. Isoprenoid to n-alkane ratios were similar to or higher than in the initial bitumen (Table 5.3) showing 
that no preferential retention occurred for isoprenoids during expulsion under the experimental conditions. 
Similar to the residual bitumen, pr/n-C17 and ph/n-C18 decreased relative to initial bitumen and CPI values 
decreased ranging from 0.78 to 1.1 for the expelled hydrocarbons (Fig. 5.7a and b).  
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Figure 5.6: Distribution of n-alkanes expelled from samples showing pristine (pr), phytane (ph) and n-C17, n-C21, 
n-C25, n-C29, a) Condor, b) Messel, c) Posidonia shale from S. Germany, d) Posidonia shale from N.Germany ,e) 
Himmetoglu, and f) Torbanite  
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Figure 5.7: Variation of molecular parameters (isoprenoids and n-alkanes) used for maturity characterization 
with a) pr/ n-C17 versus ph/ n-C18 and b) pr+ph/ n-C17 + n-C18 
 
 
N-alkane distributions dominated by low molecular weight compounds are commonly attributed to organic 
matter derived from algae compared to dominance of n-C27-31 such as in Messel, which is attributed to higher 
plants (Tissot and Welte, 1984, Hunt, 1996, Mayers, 2003). However, certain non marine algae produce long-
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chain n-alkanes from C23-33 that at times may show bimodal distributions such as in the Himmetoglu shale (Gelpi 
et al., 1970, Moldowan et al., 1985; Peters et al., 2005). The isoprenoid to n-alkane ratios have been employed in 
the characterization of maturity (Durand et al., 1983; Tissot and Welte, 1984). These ratios decrease with 
maturity due to preferential generation of n-alkanes (Fig. 5.7a). Consistent with observations by Rullkötter et al. 
(1988a), the Messel shale initially exhibited high phytane contents as compared to high pristane contents in the 
other samples. Only the Messel and Condor shales showed isoprenoid to n-alkane ratios above unity for the 
initial bitumen, indicating that even in immature sediments - depending on source contributors - these ratios may 
originally be low. Pristane/phytane ratio is commonly applied as a redox proxy because these two compounds 
were originally thought to be derived exclusively from higher plant chlorophyll. In addition, however, they may 
be derived from bacterial chlorophyll, archaebacterial lipids, tocopherols and thermal degradation of chromans 
(Philp and Mansuy, 1997; Schwark and Frimmel, 2004; Peters et al., 2005). The compositional difference 
between the initial, residual bitumen and expelled hydrocarbons is due to both generation and expulsion. Clearly 
the use of the pr/ph ratio use as a redox proxy is restricted by source influences and this interpretation becomes 
completely invalid once petroleum generation results in pristane generation from kerogen. 
 
4.3 Compositional variation in cyclic paraffins 
 
 
Several cyclic paraffins occur in sediments and petroleum and have been extensively used for characterisation of 
source and maturation. The isoprenoids as revealed by the ion chromatograms of m/z 191 were investigated in 
detail and their distribution in the initial bitumen is shown in Fig.5.8. Evidently, due to different source 
contributors, these distributions varied strongly amongst samples. One feature common to all samples was the 
dominance of the metastable trisnorhopane (Tm) over the stable epimer (Ts). Also evident in Fig. 5.8 is the 
relative abundance of 17αβ C29-31 hopanes dominated by hopane (C30) except in Messel and Himmetoglu Shales 
(Table 5.4). Only the Posidonia Shale from S.Germany showed pentakishomohopane (C35). This sample also 
showed high relative concentrations of tricyclics from C20 dominated by C23. The ratio of norhopane to hopane 
ranged from 0.45 for the Posidonia Shale from N.Germany to 1.12 for the Himmetoglu Shale while the C31 
(S/S+R) ratio ranged from 0.31 for the Condor Shale to 0.6 for the Torbanite. 
 
In the residual bitumen, evidence of generation of tri- and tetracyclics as well as hopanes especially 17βα C29 
and C30, was apparent (Fig.5.9). Lacustrine shales showed C19/3 commonly in higher relative abundance than the 
marine shales. Also common was the dominance of the Ts over Tm except in the Torbanite with lowest petroleum 
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generation index (4.6 %), suggesting that increase in Ts may be influenced by organic matter-type since all 
samples experienced similar temperatures during experiments. The change in (Ts/ Ts + Tm) from initial to 
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Figure 5.8: Distribution on tricylcic, tetratcyclics and hopanes from the initial bitumen of samples a) Condor, b) 
Messel, c) Posidonia shale from S. Germany d) Posidonia shale from N.Germany, e) Himmetoglu, and f) 
Torbanite  
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Table 5.4 Parameters from pentacyclic triterpanes 
used in maturity assessment of extracts 
 
Samples Ts/Ts+Tm C29/C30 C31(S/S+R) 
 
PS 0.35 0.99 0.57 
PN 0.28 0.45 0.49 
H 0.08 1.12 nd 
T 0.27 0.76 0.6 
C 0.44 0.62 0.31 
M nd nd nd 
PSe 0.89 1.04 0.49 
PNe 0.86 0.63 0.53 
He 0.88 0.79 0.5 
Te 0.26 0.85 0.59 
Ce 0.6 1.24 0.39 
Me 0.64 0.93 0.37 
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Figure 5.9: Distribution on tricylcic, tetratcyclics and hopanes from the residual bitumen of samples a) Condor, 
b) Messel, c) Posidonia shale from S. Germany, d) Posidonia shale from N.Germany, e) Himmetoglu, and f) 
Torbanite 
 
residual bitumen when compared to extracts of naturally matured samples of the Posidonia Shale from 
N.Germany suggests that it was exacerbated by the higher temperatures used in laboratory heating. This effect of 
high temperature on biomarkers has been noted before during pyrolysis especially in anhydrous experiments 
(Price and Wenger, 1992; Lewan, 1997). The norhopane to hopane ratio also increased from initial to residual 
bitumen except for the Himmetoglu Shale. The C31 (S/S+R) showed a more erratic variation from initial to 
residual samples but in both cases it did not exceed the suggested equilibrium value of 0.6 (Peters and 
Moldowan, 1993; Radke, 1997). The equilibrium value for the initial and residual bitumen from the Torbanite 
suggests that this ratio may also be influenced by time since this immature sample is of Permian age. 
 
The expelled cyclic paraffins occurred in very small quantities that were poorly resolved compared to noise 
during GC-MS measurements. Despite their low expulsion efficiency observed in this experimental study several 
attempts of source-rock - oil correlation do not show any evidence of molecular fractionation of cyclics during 
expulsion in nature (see Peters et al., 2005). The low expulsion efficiency of cyclic paraffins has been supported 
by data based on solvent swelling experiments (Sandvik et al., 1992; Ritter, 2003, Kelemen et al., 2006). These 
compounds are thought to have higher solubilities in kerogen than acyclic paraffins. From the results of the 
present study, this retention appears to be related to the fact that compared to n-alkanes; cyclic paraffins are 
generated in lower amounts and accordingly expelled in smaller quantities, due to the relation between 
generation and expulsion. 
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5.5.4 Compositional variation in aromatics 
 
Several related series of aromatic compounds are found in rock extracts and petroleum. One of these includes 
phenenthrene (P) and its methyl isomers (MP), commonly used for maturity evaluation. The distributions of 
phenanthrene and methylphenanthrenes (3, 2, 9 and 1-MP) as revealed by the ion chromatograms of m/z 178 and 
192 in the initial bitumen are shown in Fig.5.10. The methylphenanthrenes were mostly dominated by 9 or 1-MP 
compared to 3 and 2-MP. In the Posidonia Shale from N. Germany, 2-MP was slightly higher than 1-MP. The 
methylphenanthrene ratio (MPR) ranged from 0.22 for the Condor shale to 1.02 for the Posidonia Shale from N. 
Germany without any distinction between marine and lacustrine shales (Table 5.5). The MPI-1 ranged from 0.17 
for the Torbanite to 0.82 for the Posidonia Shale from N. Germany. The MPI-2 ranged from 0.19 for the 
Torbanite to 0.91 for the Posidonia Shale from N.Germany.  
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5.10: Distribution on phenanthrene and its methyl isomers 3, 2, 9 and 1-MP from the initial bitumen of samples 
a) Condor, b) Messel, c) Posidonia shale from S. Germany, d) Posidonia shale from N.Germany, e) Himmetoglu, 
and f) Torbanite 
 
 
Table 5.5 Aromatic maturity parameters based on phenanthrene 
and isomers of monomethylphenanthrenes 
 
Samples MPR MPI-1 MPI-2 
PS 0.58 0.58 0.56 
PN 1.02 0.82 0.91 
H 0.79 0.19 0.38 
T 0.51 0.17 0.19 
C 0.22 0.27 0.18 
M 0.33 0.02 0.02 
PSe 1.13 1.13 1.46 
PNe 1 0.61 0.66 
He 0.82 0.48 0.57 
Te 0.59 0.33 0.34 
Ce 0.48 0.04 0.04 
Me 0.66 0.55 0.66 
* 
MPR = 2-MP/1-MP 
MPI-1 = 1.5 (3+2-MP)/ (1+9+P) 
MPI-2 = 3 (2-MP)/ (1+9+P) 
 
 
In the residual bitumen (Fig. 5.11) MPR showed a general increase with respect to the original samples (0.22 → 
0.48 for the Condor shale; 0.58 → 1.13 for the Posidonia Shale from S.Germany). This ratio decreased slightly 
(1.02 → 1) for the Posidonia Shale from N. Germany. The MPI-1 of the residual bitumen ranged from 0.04 for 
the Condor shale to 1.13 for the Posidonia Shale from S.Germany indicating a general increase except for the 
Condor and the Posidonia Shale from N.Germany. The MPI-2 ranged from 0.04 for the Condor to 1.46 for the 
Posidonia Shale from S.Germany with a variation similar to MPI-1. 
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The increase in relative abundance of 3- and 2-MP has been reported from both field and experimental data. It is 
attributed to shift of alkyl groups from 9 and 1 positions as well as alkylation of phenanthrene during catagenesis 
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Figure 5.11 : Distribution on phenanthrene and its methyl isomers 3, 2, 9 and 1-MP from the residual bitumen of 
samples a) Condor, b) Messel, c) Posidonia shale from S. Germany, d) Posidonia shale from N.Germany, e) 
Himmetoglu, and f) Torbanite 
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due to their higher thermal stability (Radke et al., 1982; Garrigues et al., 1990). Similar to the cyclic paraffins, 
the expelled aromatics occurred in very small quantities that were hardly separable from noise during GC-MS 
analysis. The distribution of methylphenanthres in the Torbanite sample bitumen demonstrated that no 
fractionation occurred during expulsion but composition was controlled by the source kerogen composition 
(Fig.5.12). 
 
 
 
 
 Figure 5.12: Distribution on phenanthrene and its methyl isomers 3, 2, 9 and 1-MP expelled from the Torbanite 
 
Detailed investigation by Leythaeuser et al. (1988) also showed that no molecular fractionation occurs during 
expulsion of methylphenanthrenes. The low concentration of expelled aromatics agreed with observations that 
aromatics were retained preferentially in kerogen relative to acyclic paraffins. However, because cyclic 
aliphatics were also expelled only in small quantities, retention seems more related to ring compounds than 
aromaticity. This is easily explained by the concomitant nature of the generation and expulsion process whereby 
straight and branched chain compounds are generated and expelled preferentially to ring compounds.  
 
5.5.5 Compositional variation in polars 
 
 
The distributions of saturated fatty acids from the polar fraction of the initial bitumen based on the ion 
chromatograms of m/z 74 are shown in Fig.5.13. Prominent are C16 (palmitic) and C18 (stearic) acids but these 
distributions also showed high molecular-weight acids up to C28 (octacosanoic acid). No distinction between 
marine and lacustrine samples was apparent because the dominant fatty acid for the Posidonia Shale from 
N.Germany was similar to that for the Himmetoglu Shale. The Posidonia Shale from S.Germany evidently with 
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lower free fatty acids was dominated by C16 similar to the Torbanite. The Torbanite equally contained short 
chain acids down to C8. Common among all samples was the clear even-odd predominance of the acids. 
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Figure 5.13: Distribution on saturated fatty acids from the initial bitumen of samples a) Condor, b) Messel, c) 
Posidonia shale from S. Germany, d) Posidonia shale from N.Germany, e) Himmetoglu, and f) Torbanite 
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Dominant acids ranged from C16 for the Posidonia Shale from S.Germany to C24 for the Himmetoglu Shale 
(Table 5.6). Distribution of fatty acids in these shales support organic matter principally from algae compared to 
terrestrial higher plants dominated by C28-C32 saturated fatty acids (Ficken et al., 2000; Luniger and Schwark, 
2002). 
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Figure 5.14: Distribution on saturated fatty acids from the residual bitumen of samples a) Condor, b) Messel, c) 
Posidonia shale from S. Germany, d) Posidonia shale from N.Germany, e) Himmetoglu, and f) Torbanite 
 
Figure 5.14 shows the distribution of fatty acids in the residual bitumen. Apparently more acids were generated 
in both the low and high molecular weight ranges. Even-numbered acids still dominated over odd-numbered and 
clearly C16 and C18 were more prominent than in the initial bitumen. The Posidonia shales from S and N. 
Germany showed similar distributions of fatty acids in the residual bitumen. The dominant fatty acids ranged 
from C16 for the Posidonia Shale from N.Germany to C24 for the Condor Shale (Table 5.6). The ratio of C16/C18 
ranged from 1.04 for the Posidonia Shale from S.Germany to 2.67 for the Torbanite without any clear relation to 
the corresponding ratios in the initial bitumen (0.89- 7.5).  
Table 5.6 Saturated fatty acid distribution 
and ratios from initial to expelled 
 
Samples C16/C18 dominant 
n-acid 
PS 7.57 16 
PN 1.54 24 
H 0.89 24 
T 1.76 16 
C 1.14 16 
M 0.92 24 
PSe 1.64 16 
PNe 2.03 16 
He 1.04 24 
Te 2.67 16 
Ce 1.09 22 
Me 1.36 24 
PSr 1.24 16 
PNr 2.12 16 
Hr 0.95 22 
Tr 2.57 16 
Cr 1.72 16 
Mr 1.99 16 
 
 
The distribution of fatty acids in the expelled oil is shown in Fig.5.15. Interestingly, in all samples C16 and C18 
were dominant with some higher molecular-weight acids especially C24 occurring in expelled bitumen for the 
Condor shale. All samples showed a characteristic pattern with C16 dominant over C18 suggesting a preferential 
generation for C16 from samples. These distributions do not indicate any molecular fractionation during 
expulsion. Rather, because fatty acids are precursors of other compounds only the most abundant ones may be 
expelled during the early stages of petroleum generation.  
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 Figure 5.15: Distribution on saturated fatty acids expelled from samples a) Condor, b) Messel, c) Posidonia 
shale from S. Germany, d) Posidonia shale from N.Germany, e) Himmetoglu, and f) Torbanite 
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The expulsion of fatty acids is of particular interest because these compounds belong to the polar compounds 
commonly suggested to be preferentially retained in kerogen relative to the aliphatic and aromatic compound 
classes. The use of a polar compound such as propanol during solvent swelling experiments (e.g Sandvik et al., 
1992) disregards two aspects. First, polar compounds act as precursors for simpler compounds (e.g. n-alkanes) 
and a driving force (apparently concentration) exists during expulsion which is almost the reverse situation 
during solvent swelling of kerogen. The expulsion of polars rather supports the observation that similar to n-
alkanes, straight and branched chain compounds may be preferentially expelled relative to cyclics. It must be 
clearly stated that this structural preference has nothing to do with steric effects from the matrix or kerogen pore 
system. The preferential expulsion of straight and branched chain compounds is because these compounds are 
generated at higher concentrations relative to cyclics during early stages of petroleum generation. This 
preference changes with increasing maturation as the potential for generation of straight and branched chains 
reduces or is exhausted. 
 
5.6 Primary migration and compositional differences 
 
 
It is evident from mineralogical and petrophysical data (Table 5.1) and the molecular data presented here that 
lithologic parameters have a subordinate role in primary migration and expulsion of petroleum and the 
accompanying direction of compositional variation between residual bitumen and expelled oil. The driving force 
for the migration of petroleum is related to the generation process itself (concentration-driven). This is consistent 
with conclusions from observational data (e.g. Rullkötter et al., 1998b) that petroleum generation and expulsion 
are closely related. Distribution of compounds from aliphatics to polars reveals that at least for rich source rocks 
containing type I and II kerogens, no fractionation due to differences in molecular weight for various 
homologous series of compounds occurs during expulsion. This is because expulsion occurs as a bulk process 
principally related to generation rather than lithologic controls. Though pyrolysis observations of fractionation 
have been reported (Espitalie et al. 1980; Horsfield and Douglas, 1980), the presence of water in nature (Athy, 
1930, Sandvik et al., 1992) as well as generation of volatile fatty acids during catageneisis (Barth et al., 1988) 
would diminish petroleum adsorption on minerals during expulsion.  
 
While fractionation based on molecular weight did not occur during expulsion, the molecular data show 
systematic fractionation based on compound class. Expulsion based on compound class suggests that similar to 
both experimental and field data (Leythaeuser et al., 1984; Larfargue et al., 1994; Ritter, 2003, Kelemen et al., 
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2006), n-alkanes are preferentially expelled compared to other compound classes. However, contrary to 
postulates in some of these studies, pristane and phytane were also expelled as readily as n-alkanes because they 
originally occurred in high amounts in the organic matter of these rocks. Ritter (2003) noted that solubility 
differences between pristane, phythane and their preceding n-alkanes were too small to explain any preferential 
expulsion of these n-alkanes relative to the isoprenoids. This is consistent with experimental data from Hanebeck 
et al. (1993) and Eseme et al. (2006). Concentration-driven expulsion explains the fractionation between residual 
and expelled oil experienced in nature. The dependence of expulsion on concentration was supported by bulk 
data that showed that the only factor that controlled expulsion in samples was the petroleum generation index. 
Therefore, compositional differences between residual bitumen and oil are also controlled by this concentration 
factor. Due to their generation from side chains of aromatics and polar compounds n-alkanes rapidly reach high 
abundances in bitumen and initial petroleum expelled must reflect this source-related abundance. Their relative 
proportion based on gross composition is therefore higher in the expelled oil relative to residual bitumen. 
Because the cyclic paraffins have few precursors in kerogen, their expulsion is retarded or proportional to the 
amounts generated and they occur in lower proportions in oils relative to source rocks. In addition, due the lower 
thermal stability of their structures, they are destroyed further at advanced stages of generation, which explains 
their lower proportion in oils. On the contrary, as generation proceeds the precursors of straight and branched 
chained compounds reduce while cyclics/aromatics increase. During continuous expulsion until the generation 
potential of kerogen is exhausted, aromatics in oil would reflect original source characteristics of kerogen. On 
the other hand separate generation and expulsion after an initial phase such as due to uplift and subsequent re-
burial would favour dominance of aromatics even in oil because straight and branched chains had migrated 
previously. This also applies for the polars showing that initially these complex compounds (aromatics and non-
aromatics) contribute to the generation of simpler compounds especially straight/branched chain aliphatics. 
Because of this precursor nature of polar compounds, their low concentration in petroleum is also accounted for. 
During generation, their expulsion similar to other compound classes is proportional to their concentration in the 
bulk petroleum generated.  
 
Therefore, based on the concentration-dependence of primary migration, straight and branched chain compounds 
are expelled faster because they are generated in higher relative proportions and earlier compared to ring 
compounds whether aliphatic, aromatic or polar. Cyclic paraffins due to their temperature sensitivity are 
destroyed with increasing temperature, while aromatics and polars increase. At the latest stages of evolution 
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methane is preferentially generated and expelled leaving only residual kerogen depleted in hydrogen. This 
approach is promising in modelling primary migration and future attempts will address quantitative aspects in 
more detail. Also, recovery of expelled products will be enhanced and samples in which the generation potential 
of kerogen is exhausted will be studied.  
 
5.7 Conclusions 
 
Anhydrous non-isothermal heating in the presence of controlled axial load was conducted on four lacustrine and 
two shallow marine oil shales from Permian to Miocene age. The aims of this study were to investigate 
fractionation in terms of molecular weight and compound class during expulsion and to highlight causes for 
compositional variation between residual bitumen and expelled oil. Detailed molecular investigation revealed 
that no molecular fractionation occurred during expulsion of aliphatic, aromatic or polar compound classes under 
the experimental conditions. The composition of the expelled aliphatics was obviously affected by evaporative 
loss after expulsion (secondary effect). No preferential expulsion of n-alkanes relative to acyclic isoprenoids was 
discerned. Expulsion of fatty acids that constitute polar compounds relative to cyclic paraffins and aromatics 
showed that there was preferential expulsion of straight and branched chain relative to cyclic compounds. The 
retention of cyclic compounds is due to lower generation potential and rate relative to acyclics especially during 
early generation. Generation and expulsion of compound groups are closely related. Retention of various 
compound classes in kerogen exclusively accounts for the direction of fractionation observed between expelled 
oil and residual bitumen. Lithologic controls did not show any prominent influence on the expelled 
compositional data.  
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6. Conclusions and Outlook 
 
At the end of this study, it is imperative to reconcile insights gained from these experiments based on various 
approaches employed. The relevance for understanding the dynamic processes investigated as well as 
significance for oil shale exploitation are summarised. It is evident from preceding chapters that the use of an 
integrated approach to study compaction, petroleum generation and expulsion provides a better way of 
identifying the principal parameters that control these processes. Therefore, more reliable inferences may be 
made from these data that are useful for oil shale exploitation and basin modelling.  
 
6.1 Compaction of mudstones 
This dynamic process has been of interest to researchers for decades due to the volumetric and resource 
importance of mudstones in sedimentary basins. Contrary to conventional practice that compaction is controlled 
by effective stress, various uniaxial compressive loading experiments showed that temperature was the principal 
factor controlling compaction in oil shales. Similarly, it was found that both the use of porosity and effective 
stress were unreliable for estimation of maximum burial depths attained by these mudstones. Vitrinite reflectance 
though only characteristic of a broad range of burial provides a better lower limit for maximum burial during 
geologic history.  
 
The experiments showed that change in rock thickness was more related to compaction from vertical effective 
stress than porosity and void ratio change. In addition the creation of porosity due to organic matter 
transformation and expulsion was demonstrated and is consistent with observation of high porosity in some 
mudstones buried at depth. The preservation potential of created porosity is inversely related to organic matter 
volume indicating better preservation for source rocks with lower amounts of organic matter than the oil shale 
studied. Dehydration of smectite showed a distinct contribution to compaction but occurred in a temperature 
range different from petroleum generation unlike in nature. Compaction was found not be proportional to 
petroleum generation nor was it the driving force for petroleum expulsion.  
 
6.2 Petroleum generation 
The current study similar to pyrolysis techniques such as hydrous and micro scale sealed vessel pyrolysis 
demonstrated the importance of slow rate heating and low temperature for petroleum generation. The slow 
heating was found to be crucial for generation of products similar to petroleum consistent with Horsfield (1997), 
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Philp and Mansuy (1997) contrary to claims of a major role for water during petroleum generation (Lewan, 
1997; Ruble et al., 2001). The effect of organic matter type was found to dictate transformation with similar 
transformation for immature kerogen with Tmax from 424 °C – 432 °C (46-55.8%) compared to Tmax of 450 °C 
(4.6%) in analogy to observations in nature. Bulk parameters including loss of fluorescence, decrease in 
hydrogen indices, increase in vitrinite reflectance and Tmax all used as indicators of organic matter maturation 
were measured and provided useful information. In addition molecular data also showed changes characteristic 
of maturity including decrease in pr/n-C17, ph/n-C18, and CPI, together with maturity changes in Ts/Ts+Tm, C31 
(S/S+R) and methlyphenanthrene ratios.  
 
6.3 Petroleum expulsion 
Measured and calculated permeability from measured petrophysical properties agreed with other studies that 
permeability of oil shales similar to other mudstones lie within the micro to pico Darcy range. The intergranular 
permeability changes with compaction as a function of the changes in petrophysical properties. Petroleum 
expulsion unlike secondary migration is an indigenous process of source rocks and the role of capillary processes 
is limited. The principal factor controlling expulsion was found to be the petroleum generation index with 
subordinate role for lithologic controls including mineralogy, porosity, pore diameter, compaction and pore 
volume saturation.  
 
The role of pore-system saturation was found to be related to the mode of migration. Threshold pore-system 
saturation of 20 % was found to distinguish expulsion through intergranular permeability and expulsion aided by 
micro fractures. Based on many considerations given in various chapters fracture permeability appears to be the 
principal avenue of expulsion in nature. Indications from review of mechanical properties of oil shales show that 
fracturing may also be enhanced due to temperature during petroleum generation and expulsion.  
 
Molecular compositional data of expelled products agreed with bulk data that lithologic controls were 
subordinate to source kerogen as the principal factor controlling expulsion. Molecular compositional data 
showed that no fractionation occurred for aliphatics to polars during expulsion. Similarity in n-alkane 
distribution from marine and lacustrine shales demonstrated the role of physical conditions during accumulation. 
Difference in major component distribution does not necessarily indicate absence of genetic relation between 
residual bitumen and oils. Pr/n-C17 and Ph/n-C18 showed closer similarity between expelled and initial bitumen 
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compared residual bitumen whereas the closest similarity between residual and expelled products was found by 
plotting (pr+ph)/ (n-C17+18) versus CPI. The similarity demonstrated that no preferential expulsion of n-alkanes 
relative to acyclic isoprenoids occurs during expulsion. Rather the low concentration of cyclic aliphatics and 
aromatics as opposed to saturated fatty acids from the polar fractions showed that retention was in the direction 
of cyclics greater than straight and branched chain compounds. The high concentration of acyclic aliphatics was 
due to preferential generation especially as they have precursor moieties in both aromatic and polar compounds. 
This close relation between generation and expulsion corroborates bulk results and together with original source 
composition, maturity and temperature evolution account for compositional differences between residual 
bitumen and expelled products throughout the evolution of sedimentary organic matter. 
 
6.4 Oil shale exploitation 
Low rate heating and low final retorting temperature are relevant for improving yield for both surface and in situ 
retorting as well as limiting environmental problems from surface retorting. Compaction of samples at constant 
stress showed that compaction is related to various factors including organic matter content, porosity, hydrous 
mineral content and matrix strength. Because petroleum generation and expulsion are concomitant, artificial 
fracturing aimed at raising permeability is not necessary. Porosity generation and preservation especially for oil 
shales with low organic matter contents may improve permeability while micro fracturing may also be enhanced 
due to temperature applied for petroleum generation.  
 
Bulk data showed that the principal factor controlling expulsion was the petroleum generation index. Molecular 
data showed that product composition depends on source kerogen and level of transformation. Very important 
for in situ exploitation is the fact that, low molecular weight compounds may be easily lost if adequate design 
and location of recovery wells is not ensured. Based on such experiments, the timing of generation and expulsion 
as well as expected volume of oil from any oil shale deposit during in situ exploitation can be predicted.  
 
6.5 Outlook 
This study revealed that petroleum expulsion was neither compaction nor pressure driven but rather controlled 
by the generation process. This driving force for petroleum expulsion that appears to remain elusive will have to 
be addressed in detail from bulk and molecular considerations in a future study. Compaction also showed weak 
correlation to the petroleum generation index despite the suggestion that both processes are governed by first 
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order kinetics and the solid to liquid change during petroleum generation is commonly assumed to be one cause 
for compaction. The kinetics of both processes and their coupling to expulsion from the non-isothermal 
perspective will equally be addressed in a future study.    
 
Finally, on the thermal degradation experiments, the principal shortcoming that limits correlation of residual and 
expelled products is the collection of products. Low molecular weights compounds are lost and modifying the 
flow cell to fully trap expelled products may be a useful approach for source rock-oil correlation. The anhydrous 
condition of the experiments and final temperature up to 350 °C strongly alters the stereochemistry of cyclic 
paraffins commonly used for correlation. Reduction of the experimental temperature may therefore help to 
enable recovery of these compounds at the end of experiments. Variable heat losses may have affected organic 
matter transformation diffently during various experiments. Better heat transfer is necessary such that 
transformations attributed to any temperature are accurate. Experiments conducted did not reach the peak of the 
oil window and as such, future experiments should vary durations such that samples in which transformation 
potential of organic matter is exhausted are also assessed.  
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